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ADDITIONAL NOMENCLATURE

See Reference 1 for the basic nomenclature. An asterisk before the
symbol indicates an input variable. All input subscripted and non-
subseripted variables are listed separately.

t

Engiish
Symb ol ' Definition Units Used
AGSl AGS2’ s Cross—sectlon ares Of a wagon-wheel grain in?
associated with the first, second and both
sets of grain points, respectively.
*C*i Characteristic exhaust velocity of the igniter Pt /sec
& propellant ;
¥h_,¥n The half width of the first and second set of in.
1* 72 : .
polnts, respectively, of a wagon-wheel grain
*1 o Integer designating option of ignition transient
& calculsation.
*Ipo Integer designating option of plotting results
*7 Integer designating optlon of inert weight
wo —_
calculations
*Ka,*Kb Empirical constants in the characteristic - ft/sec,
velocity versus chamber pressure linesar . ft/sec-psia
relations (Eq. Ble) used for ignition transient :
‘caleulations
*zl,*zz The length of the two parallel sides of the ‘in.
. first and second set of points, respectlvely,
of a wagon-wheel grain
*N(J5) Integer designating whether or not a specific
output plot is desired
*Pbi Value of chamber pressure P, at which a psia
& nozzle blowout plug in the main motor is
ejected



English
Symbol

#p |
mig

Ry

¥R.
ig

SGl’SGZ’SG

) ¥
1107

*
Ufs

ci®

Greek
Syrbol

¥*
1° %

¥AL,
1g

Definition

Maximm chamber pressure attained in the
igniter

Distance from center of curvature of a
spherical end of circular perforated grain
40 the burning surface associated with eG

Average regression rate of the first half
of the igniter pressure~time trace

Perimeter of a wagon-wheel grain associated
with the first, second and both sets of
grain points, respectively.

Time for the igniter, pressure to reach
maximum value and to decay to 10 percent
of its maximm wvalue, respectively

Flame spreading speed during ignition

Initial volume of chamber gases associated
with tabular input

Coordinates of tips of wagon-wheel grain

Coordinates of intersections of burning
slant sides of wagon-wheel grain points with
filiet ares {origins at fillet centers)

The angle between the slant sides of a wagon-
vheel grain point and the center line of the
point for the first and second set of points,
respectively

Time increment for ignition transients
Anpgular location of fillet centers with

respect to radial centerline of wagon-
wheel grain points

Volumetriec loading density; i.e., initiai volume

occupied by propellant divided by empty case
volume

vii

Units Used

psia

in.

psia/sec

in.

sec.

in/sec

in3

in.

in.

radians

sec

radians



Greek

Symbol Definition . Units Used
T Web thickness of wagon-wheel grain. in.
Subscript

ig ignition

viii



I. INTRODUCTION AND SUMMARY

This report presents the results of research performed at Auburn
University during the period from December 15, 1972, to April 15, 1972,
under Modifications Nos. 8, 9 and 10 to the Cooperative Agreement, dated
October 6, 1969, between the NASA Marshall Space Flight Center and Auburn
University. The research is an extension of that accomplished under
Modification No. 6 to the same agreement which culminated in the develop-
ment of & simplified computer program for preliminary design and performance
analysis of solid-propellant rocket motors (SRMs) as reported in Reference 1.

The extension adds the following capabilities to the simplified program
as program options.

1. Treatment of "wagon-wheel" cross-sectional propellant
configurations alone or in combinations with circular
perforated configurations.

2. Calculation of ignition transients with the igniter treated
as a small rocket motor.

3. Accurate representation of spherical circular perforated
grain ends &s an alternative to the coniecal end surface
approximation used in the original program.

L. Graphical presentation of program vesults using the
"CalComp 663" digital plotter.

In addition, inert weight calculations are made optional in the new
program whereas they were required calculations in the original program
necessitating specification of input values. Also, the initial and final
gaseous chamber volumes are eliminated as input requirements in the new
program. These values are now calculated from the other program inputs.
Finally, the computer program has been modified in detall for the purpose
of simplifying the program and minimizing the computation time. The net
result of the extensions, however, 1s an increase in compilation time to
a maximum of about 2 minutes and 20 seconds and an increase in execution
time to about 20 seconds in the IBM 360 computer. Almost all of the
increase is attributable to the igrition transient calculations. The new
program uses approximately 19,000 words on the IBM 360.

The present report is prepared as an eddendum to the original report.
Familiarity of the reader with Reference 1 is assumed. Thus, the extensive

\ -1-
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notation of the original report is not repeated; only the new notation is
given. The new input variables or deletions are discussed in Section IT.
The organization of the entire report follows that of the original report
an1d eguations are numbered consecutively with respect to the original report
to provide for insertion at the appropriate locations in the originai
analysis. Figures and tables are numbered similarly according to whether
they replace or supplement those of the basic report.

. Flowcharts of the two new subroutines (ignition and graphical representa-
tion) are presented in Section IV but no attempt has been made to modify the
flowcharts of the main program because the logic of the modificaticns is a
straight forward extension of that of the original progrem and is made clear
from the mathematical analyses presented in Section III. The new data card
format is shown in Table IV-1 and the complete extended program is listed in
Table IV-2. Program statements that must be removed in order to delete the
CalComp plotter compilation requirements are indicated by check marks (b ) in
Table IV-2. Removal of these statements is necessary if the computer is not
equipped for "CalComp" plotting. However, if alternate plotters are avail-
able, generally only the plotting subroutine need be replaced.

Test cases are given in Section V o illustrate {1} ignition transient
caleulations, (2) spherical closure effects with circular perforated grains,
(3) graphical representation of program result, and (Ui} computation for
"wagon-wheel" cross-sectional grain configuration.



iI. DISCUSSION OF INPUT AND OUTPUT

In this section each new input variable is defined in the order in
which it is encountered in the program. Deletions or other changes in
original variasbles mre similarly treated. As in Reference 1, appropriate
additional discussion of the variable and typical numerical values are
given. New output varisbles of the program are also identified and defined.

Users Options

Igo (1c0) 0 For no ignition transient computations
1 For ignition transient computations
Lo {(IwWo) 0" TFor no inert weight computations
1 For inert weight computations
IpO (IPO) | 0 For no plots
1 TFor plots of equilibrium burning only
2 For plots of ignition transients only

3 For plots of both ignition transients and equilibrium
burning.

N(jsH(NUMPLT(JJ))  An integer designating whether or not & specific
output plot is desired:

0 If a specific plot is not desired
1 If a specific plot is desired

The order of specification of NUMPLT(JJ) is
as follows:

1 PHEAD versus T
2 PONQZ wversus T

3 PHEAD and PONOZ versus T (superimposed)

-3
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4,  RHEAD versus T
RNOZ versus T

RHEAD and RNOZ versus T (superimposed)

SUMAB versus T

[o- TN B = ARV

SG versus T

9  SUMAB and SG versus T (superimpoéed)
0 F vérsus T |

11 FVAC versus T

12 F and FVAC versus T {superimposed)
13 VC versus T

14  SUMAB versus ¥

15 BG vérsus Y

16 SUMAB and SG versus Y (superimposed)

Primary Basic Motor Dimensions

Vci,ch(VCI,VCF)

Initial and final volume of chamber gases, respectively.
These are deleted as input. variables in the new program
except for volume asscciated with tabular input.

See VciT below.

Ignition Characteristics. Not required if ignition caleculations are not

K, ok (KAKB)

UfS(UFS)

desired (IGO0 = 0}

Empirical constants in the characteristic velocity versus
chamber pressure relationship for the main motor (ft/sec,
ft/sec-psia). A linear relationship is assumed. Data
are cbtalpned from thermochemical calculations.

Flame spreading speed (in/sec). Reference 2 cites a
value of 3650 in/sec for one composite type propellant
with ammonium perchlorate oxidizer and aluminum
additives. Values will differ for various specific
propellants.
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g(CSIG)

1g (PMIG)

l(TIl)

5 {T12)

e (RRIG)

(DELTIG)

ig (PBIG)

Characteristic velocity of the igniter propellant
(ft/sec).

Maximum chamber pressure of igniter when discharging
into the atmosphere (psia). This pressure is
usually established based upon minimization of the
igniter weight. It will ordinarily range from 80

to 150 percent of the maximum operating pressure of
the main motor.

Time for the igniter pressure to reach its maximum
pressure (sec). Values range from 0.0i0 sec for a
small igniter to 0.050 sec for a large igniter.

Time for the igniter pressure to decay to 10 percent

of its maximum value when discharging intc the atmosphere
(psiafsec). Typical values range from 0.2 to 0.5

seconds in smailer igniters to 0.5 to 1.2 in very large
igniters.

Average regression rate of the first half of the igniter
pressure time trace (psia/sec). Most igniter iraces

are generally regressive or two-level with the higher
level occurring first. The analysis considers only

the first half of the pressure time trace, because

the contribution of the mass flow rate of the igniter

to total mass flow rate is insignificant beyond this
region during a normal ignition.

Time increment for calculation of ignition transients
(sec). A value of 0.001 seconds is recommended for
small motors and 0.005 seconds for very large motors.

Value of chanmber pressure P, at which a nozzle blowout
plug in the main motor is ejected (psia). If no
blowout plug is used, PBIG should be set equal to an
estimate of the atmospheric pressure when ignition

is initiated. '

Basic Properties of Weight Caleculations

These inputs as listed in the original program are no longer required
if calculation of inert weight is not desired (IWO = 0)
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Input to Establish the Program and Basic Grain Configuraticon
and Arrangement

sop (STAR) Add: 3 for wagon-wheel (See Figure II-L)
Cop {cop) For extreme ends of a circular perforated grain only:
0 If both ends are éonical or flat.

1 If head end is conical or flat and aft end
is sphericel.

2 TIf both ends are spherical.

3 If head end is spherical and aft end is conical
or flat.

If the end of a circular perforated grein is taken spherical, the correspond-
ing angle THETACH or THETACH iz not used in the program.

Tgbular Burning Surface and Port Areas (Not required for INPUT=2)

VeoiT Initial volume of chamber gases associated with tabular
input (in3)

Basic Geometry for Star Grains

In order to simplify the conversion from the original to the extended program,
the wagon-wheel is considered a type of star grain and each variable in this
group a5 listed 1n the original program must be specified for wagon-wheel &s
well as standard star or truncated star grains.

Special Geometry for Wagon-Wheel Grain (Not required for standard or
truncated star grains (STAR = 1 or 2))

T The web thickness of wagon-wheel grain {in.). The
discussion under TAUWS for standard star gralns is
applicable.

2 5%, {11,12) The lengths of the pairs of parallel sides of the firs:

and second set of grain points, respectively {in.)
(Bee Figure II-4).

%1% The angles between the slant sides and the center lines
of the points of the first and second set of grain
(ALPHAL ,ALEHAZ) points, respectively (radians). The angles should
not exceed /2 radians,

b (HW) The half-width of the star points (in.). HW must not
: exceed TAUWW (HW < TAUWW).



Figure II-%. Wagon-wheel grain cross-section. Calculsted varisbles are circled.



Additional Program Outputs

The outpuis listed below are in addition to those of the original
program. However, those cutputs related to the ignition transient calcula-
ticns are only obtained when IGO = 1. It should be noted that wvalues of
pressure (PONOZ and PHEAD) are based upon the assumption of choked fiow
through the nozzle and values of delivered thrust (F) and related values
{e.g., CF) are based upon the additional assumption of the nozzle Tlowing
full (no separation}. This introduces errors in the output parameters
mentioned during the initial phase of the ignition.

Outputs as Functions of Time

4y (TIG) Operating time during ignition (see.). This is calculated
& from the time of initiation of flame spreading.
Pc(ig)(PCIG) Chamber pressure within the igniter {psia). This is

based on a piecewise linear pressure versus time relation
before and after peak igniter pressure 1s encountered
until the main motor pressutre feeds back and controls

" the igniter pressure.

Non~-Time Varying Quantities

A*ig (AS1G) ' Required igniter throat cross-sectional area (in?).
1;1]._ (av) (MIGAV) Average mass flow rate of the igniter discharge over
2 the first half of the igniter burning time excluding
time prior to TI1 (siugs/sec).

Wig(tot)(WIGTOT) Estimated total weight of required igniter propellant
' (1bs.). This is based on the integral of mj, over the
time interval from TT1 to T12/2 plus a somewhat arbitrary
allowance of two-thirds the stated integral to provide
sustained heat transfer feedback during the final
ignition phase and propellant for the pressure buildup
phase within the igniter (see Eq. B9).

Vci,ch(VCI,VCF) Inigial and final volume of chamber gases, respectively
(in3)

A (LAMBDA) Volumetric loading density; i.e., initial volume
occupled by the propellant divided by the empty case
volume (1). RKote discussion after Eq., 37d.



IIT. ANALYSIS

In this section the extensions to the mathematical analysis of the SRM
design problem are presented in a step by step procedure following the method
of the original report (Reference 1). The steps in the procedure are
mwmbered consecutively with respect to those steps of the original report
to permit insertion at the appropriate locations in the original analysis.

In the few instances where one of the original analysis steps has been
revised, the new analysis step bears the same nunber as the original step.

Burning Surfaces and Port Areas

End Geometry of Circular Perforated Grains

L0.h. Belect an option for the circular perforated grain end configuration.

If both.ends are conical or flat, set cop = 0,

If head end is conical or flat and aft end spherical, set CDP = 1,

If head and aft ends are both spherical, set Cop = 2.

If head end is hemispherical and aft end conical or flat, COP = 3.
Ak b, (revised) For the perforations.

It EY +D; > Do’ set Abnc = Abpc =0, Go to step AS

If not and if 8, < 5° end

if COP = 0, compute
Lge = Lgey = ¥ (et B + 0)
if Cop = 1 compute
Lo = Lgeg = 105" = {0y ADi)ZJ%

- [D02 - (Di + AD, + EV)Z]%}/E -y cot 8y

if ¢ = 2, compute

~ ’ 2 22li 2 2;5
Leg ® Lgos = 1ID,7 = D;2)°1% ~ [D % - (D, + 2y)*1%)

-9~
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if Cop = 3, compute

[D.2 - (D, + 2y)21%}/2 - ¥ cot 6__

Abpc = W(Di + ey)[LGc -T,=8 ] for Abpc > 0
Abpc = 0 for Abpciﬁ,g_r_'_
If 6, > 5° and

if C_ =0 or l', compute
op
Abpc: = Tr(D:T. + 2y){LGc:i -y ot By
-7, - [s + tan(@G/.?)]y} _fgr A'opc > 0

if ¢ =2 or 3, compute

Abpc

'rr(Di + 2y) '{LG .

ei 7 {IDQZ"Diz} _

- Ip 2 (D, + 2y)21%/2 - 1,

[s + tan (erz)]y} for Abpc > 0

Abpc 0 for -Anpc < 0.

Al ,c., (revised) For the nozzle end surface.

it

© -
If 8, < 5°, set A =0

G

33 = [(pi + ADi)/2 + LGni sin eG] cos 6

If 68, >5%and C _ =1or 2
op

G

- (sin 8,) "{(p_/2)}% - [(Di + ADi) /2

. 2.%
+ LGni sin SG] }* and
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w[L

fone

Gni =~ B3 - ¥ tan (ere)} {(pi + aDi)/2

+

v + (sin 8)[(D /2)2 - (3, + 7)2]®

+ (R3 + ¥) cos BG} for A >0

o

5

o
1l

0 for Abnc < 0
Q w—
If 6. > 5° and CDp =0 or 3

Ao = w[LGni - ¥ cot (BG + ecn) - ¥ tan (BG/2)][D1+AD1

+y + LGni sin BG +y esce (8

Abnc = 0 for Abni: =0

+ .
o Bcn) sin Bcn] for Abnc > Q

Note: For 6. > 59, the entire burning end surface is treated as
conical although a non-conical surface area evolves when

GG + ecn > 7 /2 for Cop = 0 or 3 or when an asnslogous

situation exists for CoP =1 or 2.

Wagon-Wheel Cross~Sectional Geometry

Af.e. If G =2 or 3 and S =3 . Go to step A17a
op op

AlT.a. Compute the radius of the fillet centers for a wagon-wheel grain.

Efw = Rc -~ Tow £

b. Compute the angular location of the fillet centers

8, = arc sin [(hw + f)/sz]

A.18. Compute the grain perimeters SGl and SG2 and initial cross-secitonal

areas AGSl and AGSQ using 4 = 21 and a = & and then & = 12 and o = o,

in the following equations.
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A18.a. Ify + £ <4, sin b, =ndy Gan (u./.?).i L,
8; = n, T2 - ?y tan (d/2) + (wa sin 6, - £)/sin o - y cot a
+ (pay)(n/a + 8, ) + (R, + £+ Y)(w/np - 0,)]

Go to step 18c
£y + £ > 2, sin 6., v tan (a/2) < % and

ify E-Tww

£
T+ T sin wa)]

' tep 18
fw)} Go to step 18c¢

45}
!

" np'{(y+f)[w/np + are sin (

+ sz ('n'/np - B

if > 1T
ox ify > T,

£
Ty sin efw)

2_ o (vip)2
R, = &ay (y+1)

2£fw(y+f)

[#5]
]

a= % (y+f){6fw + arc sin (

- arc cos | i} for SG >0

8 = 0 for SG <0 Go to step 18c

A18.v. If y tan (af2) > & compute the coordinates, x,' and ¥;',

(origin at fillet center) of intersections of burning slant sides
with fillet arcs:

If & > w/2,
X' =« 2+ y and

- Uewy)” = %121

]

£+ % tan o .- y/cos o

£2
n
1

1
=~ Q tan a - [~Q2 + (f+y)2 seclal® /sec?a

b
1

e.q
'_J
il

xl' tan o + Q



and the coordinates of the tips of grein points,

t o= o 4
yo ifw sin afw and

x'=~2+y fora?>n/2or

"
[}

J = (y.' ~Q/ten o for a < /2

Then compute dburning perimeters:
i
. 2 12772
Ify+ f i.[(ze sin 0, 1+ X, 1% and

if y < Tww,

B

. i

t o 132 ' 142772
SG ,np{I(xl X, PR (Yl Yo 141
x !

+ (Pay)[n/2 + Bfw - arc sin (}%;JJ

+ (sz + :&’+1.r)(1r/nP - efw)} Go to step 18c
or ST Y 2 T
| _ 3
8g = 1, {0yt -2 %+ (yy" -y "R0°
- . 1
+ (f+y) [v/2 - arc sin (§;§J }

2 _ - (vep)2
Rc 'Q'fw (y+1)

ERfW( y+f)

- arc cos ( )} for 5, >0

SG =0 for SG <0 . Go to step 1l8c

i
If y+f > I(Efw sin efw)z + x12]2 and

if ¥y f-Tww’
L

L e
8; = B, {(y+f)fﬂ/np + arc sin (Y+f sin Bfw)]

+ Efw(ﬂ/np— efw)} Go to sten 18¢




ulh_

or if > T
Y ww'?

&
_ : N
8, = B, {y+f) {efw + arc sin (y+f sin 64,
" R2 -, - (y+0)2
- arc cos [—~= L 1} for SG >0
e, (y+1)
SG = 0 for SG <0

AlB.c. Ify <0, compﬁte the (initial) cross-sectional aresa of the grain

= R 2. 2 gi _ (ad
L9 (1/2){113c nplfw sin ewaCOS 8, (sin Bfw)(cot a)

- 2 {#+f tan (afe))/sz] - (7= - 2npf[z

fwnp) gfwz
+ 2, sin Bfw)/sin o+ Efw(w/np - Bfw) + (n/nP
+ w/2 - ese a) £/2]3

M9.a, 5,=8, +3

Al9.b. A, = A _ + A
Go to step AL

Initial Chamber Volumes

A3T7.8, Ify >0 Go to step 50
A3T.b. IT GOP = 1, set LGsi = ( and AGS = 0
3T.c. Ir Gop = 2, set LGci = 0 and LGni = 0

37.4. Compute the approximate initial gaseous volime of the chamber,

x 2
_vci 1.10 {wDi (LGni + LGci)/h

+ (mD 2/ = A L, .+ noto mD Z/LY + vV :
o] Gs'"Gsi "TTp TTp eiT Go o step 50
Note: The volume is approximste becsuse an approximate relation is used for the
volume of the thrust chamber passages and because an arbitrary ten percent
additional ellowance is made to account for slot volume, end veolume and the
effect of the convergent portion of the nozzle on the chamber pressure change
characteristies. Any error thus introduced in the. final volume and the
volumetriec loading density will be roughly one order of magnitude less than
the error in initial volume.
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Ignition Transients

This analysis is treated in the computer program as a major sub-
routine. The method used follows the general technigue described by
Sforzini and Fellows (Reference 2) for an igniter which is itself a small
rocket motor. Features of the analysis include variation of the characteristic
velocity of the main motor with chamber pressure. Chanber volume and surface
area of the propellant grain are assumed constant during ignition, but the
burning surface is established as a function of 4time in accord with the
passage of the flame front which is assumed to spread at constant speed. Four
changes are made in the referenced approach:

1. A simple piecewise linear approximation to the pressure-time
trace of the igniter (assumed to be a small SEM) is used
rather than the polynominal approximation used in the
reference. Comparison shows there is very little difference
between computations by the two methods, and the program
input is greatly simplified.

2. The referenced anslysis was modified to permit effects of erosive
burning to be taken into account. This was accomplished by
replacing the burning rate term Cpe® in eguation 9 of Reference
2 with the average burning rate as calculated by the methods used
in the basic program of Reference 1.

3. The igniter throat cross-sectional area is eliminated
85 an input variable by making use of an empirical criterion
taken from Reference 3 for establishing the discharge mass
flow rate of the igniter.

4, Provision is made for including, as a program option, calcula-
tions accounting for the effects of a main motor nozzle blowout
plug.

BO., Set t, =20
ig

Bl.=a. Compute the average mass flow rate of the igniter over the first half
of the igniter burning time, excluding the pressure buildup phase
(Time prior to tIl)

= 0,2A%/g

" g (av)

This is an empirical relationship based upon Reference 3.

Bl.b. Calculate the required igniter throat cross-sectional area

v L]

* = *
A ig 2 Biglav) © ig/[2 Pmlg erg( I~ Il)/2]
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B2, Compute the chamber pressure of the igniter

B2.a. If & <tp,

Poig = Pmig #/t11

B2.b, Ift, » 1% and P, > P
ig I1 cig e

Pcig = Pmig T Trig (t - tIl

B2.c. Ift, >t and P . < P
ci

)

ig i1 g~ ¢
P, =P
cig c
B3, Compute the estimated instantaneous mass flow rate of the igniter
It?P. >P
cig ¢
n. = * *
ig Pcig A ig/c ig
If P SBy o7 g, 2 tr./2
.ig = 0 (See discussion after RRIG, Section II)
BL. Solve the following equations for the chanber pressure of the main

motor Pe using a Runge-Kutta solution of the fourth order
Bli.a. If P, < Pbig’ set mp = 0

>
If P> P.o, set

By = AP/ + K R

Bub., r =a [P (1+ r2g2/2) 1"

* =
Bh.c. C* =K +KP
Bh.d. r =a [P (1-r232/2)]"

n C

0.8 0.2
¥* * . * % *
+ag (PAMK/CHA ) up b, 0777 exp (Brgp A CH/P AYK)



B5.,

B6.
BT.

B8.

B9.

=17~

Compute
- 212
= 1+
P, Pc [1+474T2/2)
Set P =P
on c
Calculate CF’ ?F vac’® F, Fvac’ Isp vac’

20 through 24 with t, = t. .
e J ig
Set Tig = E Atig X
for k = 1,2,3...

Ips

I using equations

T vac

Repeat step B2 through BT

Calculate the estimated igniter propeliant weight

Wigloot) = Piglay) [5t1p - 13)/6]



Iv. THE COMPUTER PROGRAM

This section contains the instructions for preparation and arrangement
of the data cards for the extended program. A complete listing of the
program statements is glven followed by flow charts for the two new sub-

routines ; the ignition and the plottlng subroutine for the "CalComp 663"
digital plotter.

Data Card Usage

The data formats have been established to allow the operator to locdk
at the card and know which variables are represented on it. The format
should be followed to insure correct reading of the ipputs. The various
data cards are as follows: (See Table IV-1l for the complete format)

T. XNumber of configurations
I, Initial zero values
III a&b. User options (2 cards)
IV. Propellant data
V afb. Motor geometry (2 cards)
VI a%b. Performance data (2 cards)
VvII, Input, grain, etc.
VIII a&b. Initial tebular inputs (2 cards)
IX a%. Tubular grain input (2 cards)
X. General star data
XI. Wagon wheel data
X¥II. Truncated star data
XIII. Standard star data
. XIV. Termination port data
XV akb. Data for ignition transient calculations (2 cards)
XVI a-e. Data for weight calculations (5 cards)
XVII a&b. Tsbular inputs (2 cards)

NOTE: In the original report, tabular inputs and initiai tabular
inputs appeared under the same heading.

Cards II-VII must accompany each and every configuration even if only one
parameter changes, If INPUT = 1 or 3, a number of sets of data cards
XVII a&b are used. Consider a test run on four different configurations:

a. A combination grain with only tabular inputs (no ignition
or termination ports, but with weight calculations).

~l8-
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b. A combination circular perforated and standard star grain with
only equation inputs (No termination ports, no ignition, but with
weight calculations).

c. A truncated star grain with two termination ports using both
tabular and equation inputs (No ignition, but with weight calcula-
tions). '

d. A combination circular perforated and wagon-wheel grain using both

tebular and equation inputs (No weight caleculations or termination
ports, but with ignition calculations).

The correct order for the data cards is:

Configuration a Configuration ©
1. I v 13. II

2, II ' 1L, IIT akb
3. III akb 15, IV

L, 1Iv 16. V akb
5. V akb i7. VI a&b
6. VI akb 18. viI

7. VII 19. IX akb
8. VIII a&b (y=0)} 20, X

9. XVI a-e 21,  XIIT
10. XVII a&b (y=yl) 22. XVI a-e

11. XVII akb (yzye)
12. XVII a&b (y=y3)

Configuration ¢ Configuration d

23. II o ' 37. 11

2Lk, IIT a&% 38, III a&b

25. IV 0. IV

26, V agb Lo. V a&b

27.. VI a%b 41. VI a&b

28. VII ke, vII

29, VIII a&b (y=0} 43. VIII a&b (y=0)
30. X , Lh, IX agb

31. XII s, X

32, XIV : L6, xI

33, XVI g-e YT. XV alb

34, XVII afb (y=y,) 48, XVIL atb (y=y,)
35. XVII akb (y=y}) 9. XVII atd (y=y)

36. XVII atb (y=y3) 50. XVII agb (y=y3)
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Note that if a particular data card does not apply, no card is used. For
example, XI is omitted for Configuration b. and XII for Configuration d.

Program Listing

A complete program listing is presented in Table IV-Z.

Flowcharts

. Flowcharts of the ignition and plotting subroutines for the extended
program are presented in Figures IV-4 and IV-5.



TABLE IV-1

DATA CARD FORMATS

ccl ecl0 cc20 ee30 ccl0 ce50 ccb0 ceT0
A A R |
i | } o I
E NUMBER OF CONFIGURATIONS TO BE TESTED =—- !
F “ ! 5 i |
; | 3 |
| | i I !
0.00.00.00.00.00.00.00.00.00.,00.00,00,00.00.00.00.00.00.00.00.00.0 !
| | : i 1’
. ! | ! | i
[ i : ! : i
! ! ; I11a '
IGo=-  IWO=- | | |
| | | |
; i i
: : | i IITb :
%PO“ NUMPLT(JJ)T‘:‘:‘:'s's‘s's‘,“:'s’a“s“s“s“: E
! ; ! | % |
: ; i Iv !
REO=-.—=—-== A==,wowwm N=e,o—— ALPHA=——,- BETA=-ee,~ MU=+-,————E+=~ CST
| = | 3 | ;
? ! | | | |
f l | | Va % i .
L===~~. TAU=--.-= DES=-=,—= DIT=wmm,-= THETA=-.w~~-- ALFAN=-.--— |
1 | L | i
: : I | ; 5
: o E Vb : ‘ !
| LTAPE—mm | e XT=ee i mm Z0=me, = 5 | ? ;
| ! . f : ‘ : !
) i ’ ! | i
i ! ! ’ ;
: ' | Via ; : ?
DELTAY=w,«w= ZOUT==——=, == DPOUT=mm—m= == ZETAF=, v TB=wee,— HB=eeee—,
| ! | ‘ ! ! ! |
| ; i o §
RADER=-.———— | ' i : i
i | : i | ; !
| : :
| I : | VII E o ?
. INPUT=-—- GRAIN= =~ STAR= NT= ) ORDER==- COP=wm L
i ! ! | |
l | ! T | | ]

=21~



TABLE IV-1 (Cont'd)

cel ccl0 ce20 ce30 eck cc50 ccb0 ccT0 ceB0
| ! i 1 1 ! 1_ |
. 1 ' N VIIIa z : i l
. Ymee—.——  ABPORT=+4-,———-E+==  ABSLOT=+4=,e=e=Bt-= ABNOZ=+-,———-Et+-= |
| j i N I . ‘
! [ | ' ;
? | ! . VIITo ﬁ }
‘ ! APHEAD=+-,cm—eBEtom  APNOZ=+—,————Btee  VCIT=F—,—ww-Et+-
i f % ! -; | |
! i i . ‘ i :
! . ! ; IXa ; ;
| DO==--.===  DI=-—-.--=  DELDI=-—-w.--- §=-—-. THETAGm=.-—--= | P
5 | ‘ % o | %
| | ! P | '
! ' f i IXb 1 1
| LOCI=—=-.—— LGNIS=-=.~~ THETCN=-, - THETCH== . —ormeme ; i
| : ' ! ; i I i ’
| | | i | i i
| | | X | ]
| NS=——-. LGSI=—-——.-~ NP=-ww., RO=—=-,--= FILLET=——m.——~ NN=—ww., {
! : : i ‘ i | I ;
| ; - | | i |
TAUWWEmm == Ll==m,== L2%—m.—w  ALPHAl=—,a-w-—  ALPHAZ=—,————m  HWs—m,—-
N ! i [ i . . 1 3
| | ’ | | | s
E i XII T i _ i
| RP=—-=.,-== TAUS=~—,-—- | i ! : .
, . | 4 : ;
: | ! | %
E XIII | : ' :
THETAF== . memmeme THETAP==, =m——= TAUWS=—m , == %
1 : ] i
| ! | '
5 XIV
LTP=—m— =~ DIP=--.m=  THETTP==,—ww-w  TAUEFF=-, v~ |
| i
_— i i
| ! XVa. | 1
KA= e ~ KB=-.--= UFSS——-—n.— CSIG==—cmm.~ PMIG=m-—mn = TIl=—,——-
| | | | | | ; |
% | | XV | . |
TI0=—n.—= BRIG==mmmm .= DELTIG=-.-~— PBIGS———.—— |
i i
: i



TABLE IV-1 (Cont'ad)

|

o

23

ce20 cel30 “ceho cc50 ccb0 ce
o XVla ;
DTEMPS—m \ = SIGMAP==,~~—  SIGMAS=-,-=  Nl=——,—-
| |
| XVib
SYCNOM= mmmmmmm o e DCC=mmm = PSIC=——.== DELCS=,=—
i | i | |
! I ! i
i [
i XVle
NSEG=—-. H(CN==-=.- SYNNOM=--w-—-- ,—= PSIS=—,—-
J { |
[ Xvia
KlZm,mmmm  K2=m e PSIING=~=.,—=  DELINS=w,-——
{ 1 '
|
1 ¥Vlie
KEN==,————  DLINER==,=m~m=  TAUL==,——wm |17 —
i ' |
i i
| XViia i
ABPORT=+w , mem == ABSLOT=+— , —===Et—m— ABNQZ=4—, ———-
| | :
i ! . ;
E | XVIIb |
APHEAD=+4~ , mmmnF¥=e  APNOZ=t—,———E+——

70

FEd——

cc80
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TABLE 1V-2

e e e ke ot RO o ol e ok o e ok ok 2ok o o o ool o o o o e ok e e o el A sl o o o o e ok ol g 2 ke o o e e ek ot o ekl ol
% SRM DESIGN AND PERFDRMANCE ANALYSIS
PREPARED AT AURURN UNIVERSITY
UNDER MOD. NOL.8 TO COOPERATIVE AGREEMENT WITH
NASA MARSHALL SPACE FLIGHT CENTER

PROGRAMMING BY J.M. LYON AND J.E. MURPH
AERQSPACE EMGINEERING DEPARTMENT
APETIL 1973
e A e R e s R e e oo e o e ae e ofe e e o e e ofe olg et ol e o sl e e e b e ol afe e ol g vl e o e ol ol 3 ok 3k 3l e ade e e e e 32 AR s ok Rl N Ol N 0K
INTEGER GRAIN _
REAL MGENsMDI SyMNOZ yMNLyJROCKyNeLyMELyMEISPITOT MUsMASS,, ISPVAC
REAL NLyNZyNSEG K1 sK2¢KEH, KEN,NS,LCCHLTAP
REAL M2 ,MCBAR, [SP24 ITVAC yKA KB yLAMBDA
CUMMON/CONSTL/ZWoAE ATy THE TA,ALFAN
COMMON/CONSTZ/CAPGAM yME BOT,ZETAF y TBoHB +GAM
COMMON/CONST3 /S5y NSyGRAIN ‘
COMMON/VARTIAL/Y,TyDELY+DEL TATPONDZPHEAD 4KNDZ » RHEAD, SUMAB , PHMAX
CNMMON/VARTAZ /ABPORTyABSLOT,ABNDZ yAPHEAD ,APNGZ , DADY , ABP2 , ABNZ2, ABS2
COMMON/VAKIABZITOT, ITVAL yJROCK, ISP, ISPVAC yMDIS, MNOZ 4 SG o SUMMT
COMMDN/VARTAG/RNTyRHT s SUMZ+R1 $R2 3R3 ,FPHAVE s RNAVE tRBAR,YBsKGUNT,TL
COMAON/ VAR IAS /ABMATN; ABTO, SUMDY 4 VLI 4 VC
CUMMION/ IGNL1/KA KBy UFSsRHO s AsN+L o PMIG,TIL,TI2,CSI6
COMMON/ IGN2/ALPHABETA ,PBIGoRRIGyDELTIG X +TOP,ZAP
» COMMON/PLOTT/NUMPLT(16),1P0ONDUM,IPT,IQP
DATA PI,G/3.14155+32.,1725/
READ{S5,500) NRUNS
0o e e e e ot e ook 3 ek s 30 o o ook e ke ook e o S o o o o oo R o o o o e e o o o e R R R R
% READ IN THE NUMARER OF CONFIGURATIONS TN B8E TESTED %
e Mo s it me e s e ok ofeole e e deak sesboole s e e ool 2 e ok ok o ook e e o o e o e e o o e ol ok o o e e ol ik e e e o ol e X ol ok o e e e ke ol ot
500 FORMAT{ 42X,12)
10P=0
DO 9G1 I=1{,NRUNS
WRITE(6,0602) 1
602 FORMAT(1H1,42X,*CONFIGURATION NUMBER %412}
READ(S5,499) SUMDY sANSyZWsY,TosDELTAT ,ENOZ ,RHEAD, SUMAB » PHMAX » SUM2, I T
LOT yRERTRNTHRLyR2,R3RHAVE sRNAVE yRBAR I TVAC s SUMMT

YOO 0OO0 00D
# OB R O o# # ¥ H

¥%*
#

*

%

*

ANALYSIS BY R.He SFORZINI %
‘ 3%

%

*

%

e RSN e

sk sk oot ok %R K00 e ok M 3 ot e ok ok o oK 3 0 X0 e R oA O R oo e o o o s ot o e R o ot o e e SR R o KK
C % SET INITIAL VALUES OF SELECTED VARIABLES EQUAL TO ZEERQ *
C o % RN T Edokon THESE VALUES MUST BE ZEROED AY THE BEGINNING GF *
C o= EACH CONFIGURATION RUN *
(%ot Ao ok shosksle oo oo o de e oo soode ol ke ook o 0 e o o otk o e ol e ofe e 9 e o e o o o o ke e e e e ek o e e R R R R oK

4G9 FORMAT( Z22F3.1)
READ(S¢ 491} IGCyIWD

b RUAD(S5+492) IPCyINUMPLT{JJ) yJd=1,16}

€ oo e ok wook oot ok e leolee it oo ook e Ak o0 00 e e e e o otk o e e o o e e ol e e o e ke 3o e o e o o e o ok e o e e

C * READ IN THE USERYS CPTIONS ' %

=)




*AGE

laXaNal s Nale

2
TABLE IV-2. (Cont'd)
* %
#* VALUES FOR IGU ARE %
* 0 FOR ND IGNITION TRANSIENT CALCULATIONS *
* 1 FOR IGNITION TRANSIENT CALCULATICNS #
% VALUES FOR IWO ARE %
* 0 FOR NO INERT WEIGHT CALCULATIDONS #
% 1 FOR INERT WEIGHT CALCULATIONS *
* VALUES FOR (PO ARE *
# 0 FOR ND PLOTS _ #
% 1 FOR PLOTS OF EQUILIBRIUM BURNING ONLY %
* 2 FOR PLOTS OF IGNITION TRANSIENT ONLY %
% 3 FOR PLOTS OF BOTH IGNITICN TRANSIENT AND %
% ~ EQUILIBRIUM BURNING *
* VALUES FOR NUMPLT(JJ) ARE (NOT REQUIRED FGR IPO=0} %
% 0 IF SPECIFIC PLOT IS NOT DESIRED *
% 1 IF SPECIFIC PLOT IS DESIRED %
CONTINUE
% ORDER UF SPECIFICATION OF NUMPLT(JJ) IS #
% 1 PHEAD VS TIME %
% 2 PONNZ VS TIME _ *
* 3 PHEAD AND PONOZ VS TIME %
# 4 RHEAD VS TIME *
% 5 RNOZ VS TIME %
* 6 RHEAD AND RNOZ VS TIME %
% T  SUMAR VS TIME 5
* 8 SG VS TIME %
% 9 SUMAB AND SG VS TIME %
% 10 F VS TIME ' #
* 11 FVAC VS TIME *
" 12 F AND FVAC VS TIME #
* 13 VC VS TIME %
% 14 SUMAB VS Y %
* 15 S6 VS Y «
# 16 SUMAR AND SG VS ¥ %
W e e 40 A ol o Tl sk ode ot ke g ot e e e ol o9 AR o et o ol 3 o e ol e e ol e o o ol ol o ke oo 0k o4 e ook e ok e e ol o oG e o i e o el ade o dde e ok

491
453

492
494

FORMAT.4X, 11y 92X,11)

FORMATL4X 411y LORH1GETIL1X))

WRITE(G492) 1GN.THO

WRITE(6,494) 1PUy (NUMPLT(JJ) JJ=1416)

FORMATL{ //7+20X s "OPTIONS Y, /p13X 0 1G0= " 4114/ +13X,"IN0O= *,11)
FORMATLL3X,'IPO= ¥ oIl o/ wl3Xe"NUMPLT(JJ)= Y 4I1415(%»%,12))
READL{54501F RHO»AyNe ALPHA,BETAMU,CSTAR

A o e e 0 o ol e o e AR e kg ool o sl o ke ke o e e e e e o sl A e oo o ot e of g e K 5 N X S ******###*********#

# ¥ ¥ B #

READ IN BASIC PROPELLANT CHARACTERISTICS

RHU 1S THe DENSITY OF THE PROPELLANT IN SLUGS/IN%#%3
A 1S THE BURNING RATE COEFFICIENT
N IS THE BURNING RATE EXPONENT

[ -

25—
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TABLE IV-2. ({(Cont'd)

% ALPHA ANLC BETA ARE THE CONSTANTS IN THE EROSIVE BURNING *
® RELATION QF ROBILLARD AND LENIGR *
* My IS THE VISCOSITY 0OF THE PROPELLANT GASES *
% CSTAR 1S THE CHARACTERISTIC EXHAUST VELOCITY IN FT/SEC *
e %6 2 o o ¥ e s et aloe o ok A 6 K oK %6 3 ok ok e ol o e e e e ol e R o ook o e e ok o ol ol ket o o o o e o o et ol ok o O KRR oK

501 FORMAT(AX s FBa6,3XsF0e493XsF5.33TXeF4.196XsF5.134X9ELLe%aTX2F5.0)
WRITEL6,603) RHUyAYNyALPHA,BETAMU,CSTAR

603 FORMAT( //7420Xs *PROPELLANT CHARACTERISTICS? /413X 'RHD= ¥, F8.6,/51
13Xs%A= Y, FG.4%,/313Xs'N= ':F5-37/113xy'ALpHﬂ~ Y oFdalsels 13X1'BETA— v
21F5. 1/ L3Xy " MU= Y, 1PELLL4e/ 213X+ 'CSTAR= ', 1PFlla%)

READID+502) L+TAUDESLDTI W THETALALFANSLTAP, XT 0
**#***#*x##*r**#******#***********##*#*##**#*#****#*****#****##***#*#

READ IN BASIC MOTOR DIMENSIONS

k-4
#
L IS5 THE TOTAL LENGTH OF THE GRAIN IN INCHES *
TAU IS THE AVERAGE WEB THICKNESS OF THE CONTROLLING GRAIN %
LENGTIH IN INCHES %*
DE 15 TFHEe DIAMETER OF THE NDZZLE EXIT IN INCHES L
DTT IS THE INITIAL DIAMETER OF THE NOZZLE THRDAT IN INCHES *
THETA IS THE CANT ANGLE QF THE NNZZLE WITH RESPECT TO THE %*
MOTOR AXIS IN RADIANS *
ALFAN IS5 THE EXIT HALF ANGLE (OF THE NOZZILE IN RADIANS %
LTAP IS THE LENGTH OF THE GRAIN AT THE NOZZILE END HAVING *
ADODITIONAL TAPER NOT REPRESENTED BY ZO IN INCHES *
XT IS THE DIFFERENCE IN WEB THICKNESS ASSOCIATED WITH LTAP 3
I0 1S THE INITIAL ODIFFERENCE BETWEEN WEB THICKNESSES AT THE *
¥ HEAD AND AFT ENDS NJF THE CONTROLLING GRAIN LENGTH *
0 T e 3 e e ol e ool $obe o ok e K 7 ok kot o e bl 7 o el e e ok e e o ol ke ek g e e o ke e s o ok o K
502 FORMAT, 259 F 50 035X 3 F a2 44X s F 6.2 15X sF 621 TX sF Oty Th 9 FE i/ 210Xy
l‘ Fhel2r @4X 4F 0. 244K, F5.21
WRITE(O6,604) Ly TAUYDE«DTI s THETAZALFANSLTAP+XT,20
604 FURMATI// 20X 'BASIC MOTOR DIMENSIONS' /213X 'L= " 4F5.0+/+13%,'TAU
1= "3F5.2y/+13X,'DE= ¥,
2lPEL L4y /13X ' OTI=? 3 IPELL ety /413X " THETA= V4 1PELL1.4,/ 113X YALFAN=
3 OV, 1PEL LGy /v L3X s "LTAPS "4 1PELLled s/ 213X " XT= P, 1PELLaéy/ ¢ 13X, V20= .
4, 1PEL1Ll.4)
READ(S5,503) DELTAY «XDUT,DPOUT,ZETAF ,TE+HB+GAM,RADER
e A B ol 4 e 03 oot o e e o A e o o s ool o 4 4 A e s b o e R o o o o o e X6 ok o 3t e o o ol o e o oo o o
READ IN BASIC PERFORMANCE CONSTANTS

H O3 RO 3 o ok o ¥ R OB

i+

DELTAY IS THE DESIRED BURN INCREMENT DURING TAILOFF IN INCHES

X0UT 1S THE OUSTANCE BURNED IN INCHES AT WHICH THE PROPELLANT
BREAKS UP

DPOUT IS THE DEPRESSURIZATION RATE IN LB/IN%%3 AT WHICH THE
PROPELLANT IS EXTINGUISHED

LETAF I5 THE THRUST LOSS COEFFICIENT

TB IS THE ESTIMATED BURN TIME IN SECONDS

HB IS THE ESTIMATED BURNQUT ALTITUDE IN FEET

L - I R - -
£ O 3 ¥ ¥ O# B X o

6=



AGE 4

TABLE IV-2. {Cont'd}

C =% GAM IS THE RATIOQ DOF SPECIFIC HEATS FOR THE PROPELLANT GASES L
C =% RADER 1S THE RADIAL ERQOSION RATE OF THE NOZZILE THROAT IN %
C = INCHES/SEC u
G soodeatedeoe oo s e o o e ok ot o o o 3 SR o0 0 o o A 40 o o o ok e ek el o o o oo ek R ek kR R R A

503 FURMATU 7X v FSa 346X sF7a2sTXeFTe29TXsFau344XpF5.104XyFT20¢5X+F5.3,/,8
1Xy FEa4)
WRITE(&+606) DELTAY XOUTDPOUTY,ZETAF,TB,HB4GAM,RADER
606 FORMAT(//.ZGX.'BASIC PERFORMANCE CONSTANTS'/,13Xs'DELTAY= *,F5.3,
1/ 13X XOUT= ', FT7.2 ./.13x.'DPﬁu7= P FTe2+/ 313X ZETAF= %,F5.3,/,13
22Xy VTHE Y oFSel /o 13X s "HB= * ,FTa0y/ 913Xy "GAM= "4 F5.34/¢13X,* RADER= !
3,F€.4)
> NDM=0
[ IPT=0
MNl=,EH
MEL1=7.0
7=10
$=0.0
NS$=0.0
KOUNT=0
ABMAIN=0.0
ABTG=0.0
DELY=DELTAY
TOP=GAM+1,
BGT=GAM"‘1 .
78P=TOP/(2.%B0T)
CAPGAM=SORT(GAMI*(2,/TOP)**ZAP
AE=P [ *DLEADE/ 4.
1 IF{XT.LF.0.0} TL=0,0
CIF(XTWLT.0.0) GO TOU 40
TL={Y=-TAU+XT+2/2.)*¥LTAP/XT
IF(TL.LEL0.,0) TL=0.0
- IF{TL.GE.LTAP) TL=LTAP
40 DT=DT1+Z.%(RADER%T)
AT=PI%DT*DT /4.
CALL AREAS
IF{Y.LED.0) VC=VCI
IF{ABS{IW).GT.0.0)} GO 7O 20
IF{SUMARLLELOL0) GD TO 31
X={ ABPORT+ABSLOT}/SUMAB
90 MNOZ=AT*X/APNCOZ*(2,%¥{1.+BOT/2.%MNL*MNL1) /TOP}**ZAP
IF{ABS{MNOZ=YNL] «LE«Oe ooz) GO TO 2
MNL=MNOZ
63 TD 90
2 VNuz—uaw*csrAR#MNoz*sch(((2 /TOP)*%(TOP/BOT) I/ (1. +B0T/2.%MNDZ #*MNO
12Y)
PRAT=(1.+BOT/ 2 *MNOZ*MNOZ) %% («~GAM/BOT)
JRUCK=AT/APNDZ
IF{IGNaEQa0eOReYeGTe0.0) GO TO 900

-27-
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TABLE IV-2. {(Cont'a)

AREADIS,ST7) KA KBy UFSyCSIGePMIGTILsTIZ+RRIGHDELTIG,PBIG
o3 30 s ol ot Rk oK e A KR 40 0 50500 oo o 50 o ok e ol o o o 0o o o K e o e e e e ol e i o e bl s e e ok ke ol ok i ol o o o o K
READ IN VALUES REQUIRED FOR IGNITION CALCULATIONS
ERANOTEXS%  NOT REQUIRED IF 1G0=0

»
%
*
KA AND KB DEFINE THE CHARACTERISTIC VELOCITY IN FT/SEC *
CS5TR = KA + KB * PRESSURE b
UFS IS THE FLAME-SPREADING SPEED IN IN/SEC d
CS51G IS THE CHARACTERISTIC VELOCITY OF THE IGNITER IN FT/SEC *
PMIG TS THE MAXIMUM IGNITER PRESSURE IN LBS/IN%®%2 *
TI1 1S THE YTIME OF MAXIMUM IGNITER PRESSURE IN SECONDS %
TiI2 IS THE TIME(IN SECONDS) FOR THE IGNITER PRESSURE TO *
DRGP TO 10 PER CENT OF MAXIMUM VALUEIPMIG) *
RRIG 1S THE AVERAGE REGRESSION RATE OF THE FIRST HALF OF THE =
IGNITER PRESSURE TIME TRACE IN LBS/IN=%2/SEC *
DELTIG IS THE TIME INCREMENT FOR IGNITION TRANSTENT *
CALCULATIONS IN SECONDS *
PRIG IS THE BLOWOUT PRESSURE OF THE MAIN MOTOR BLOWGUT PLUG *
IN LBS/IN®%2 *
*******#*#*#************#*#****#***#******#**#****#**#*#*#**%###*#*##
97 FURMATO3Xy FTu e DXy FDe340XsFTal o TXaFTaleTXeF7al 36X sF5.30/ 44X 2sF5.20
L IXeFT7aleSXeF5.34TX4F 7.3}
WRITE(O4842) KAZKBJUFSHSCSIGPMIG,TILsTIZ2RRIGLDELTIG,PRIG
B42 FUORMAT(Z2OX, "IGNITION CONSYANTSY,/413Xs"KA= 3 FT 1y /2 13X,"KB= ¢,
1 Fha3. /413X, "UFS= .'F7.1','IBX|.CSIG= .,FT.Ir/'13X|.pMIG= T,
I F7.1e /913X "TIl= %, FB.3,/+¢13X,%T12= " 4F5,2:7/+13X,"RRIG= 7,
1 FTele/y 13Xy "OELTIG= "4FS543:/7413X+"PRIG= " WFT.3,//)
G000 IF(IW0.EQaCJRaYGT.0.0} GO TO B3Z
READ{ 5+ 600} PIPK,OTEMP4SIGMAP ySTGMAS, N1y N2ySYCNOMDCCHPSICy DELC,LC
LCyNSEGsHCNy SYNNOM, PSTS,PSIA WKL ¢K2+PSTINS,DELINS KEHKEN,DLINER,TAU
2Ly WA
**##*#*****###**#**##*****$*#$*$**#*******#*******#***#****###***#***
“READ IN BASIC PROPERTIES REQUIRED FOR WEIGHT CALCULATIONS
xENOTER*%  NOT REQUIRED IF 1IWO=0

EE B B - NI

PIPK IS THE TEMPERATURE SENSITIVITY COEFFICIENT OF PRESSURE
AT CONSTANMT K

DTEMP IS THE MAX EXPECTED INCREASE IN TEMPERATURE ABOVE
CONDITIGNS UNDER WHICH MAIN TRACE WAS CALCULATED IN
CEGREES FAHRENHEIT

SIGMAP IS THE VARIATION IN PHMAX

SIGMAS IS THE VARIATION IN CASE MATERIAL YIELD STRENGTH

N1 IS THE NUMBER OF STANDARD DEVIATIONS IN PHMAX TO BE USED
AS A BAS1S FOR DESIGN _

N2 IS THE NUMBER OF STANDARD DEVIATIONS IN SY TO 8E USED AS
A BASIS FOR DESIGN

SYCNOM IS THE NUMINAL YIELD STRENGTH OF THE CASE MATERIAL
IN LBS/INCH

E R R A B I
3O R O 4 o # R OF O ¥ R FER
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TABLE IV-2. {Cont'd)

DCC IS THE ESTIMATED MEAN DIAMETER OF THE CASE IN INCHES
PSIC IS THE SAFETY FACTOR ON THE CASE THICKNESS
DELC IS THE SPECIFIC WEIGHT OF THE CASE MATERIAL IN LBS/IN%%3
LCC IS THE LENGTH OF THE CYLINDRICAL PORTION OF THE CASE
INCLUDING FORWARD AND AFT SEGMENTS IN INCHES
NSEG IS THE NUMBER OF CASE. SEGMENTS
HCN IS THE AXIAL LENGTH OF THE NOZ7LE CLUSURE IN INCHES
SYNNUOM IS THE NCMINAL YIELD STRENGTH OF THE NOZZLE MATERIAL
IN LBS/INCH
CONT INUE
PSIS IS THE SAFETY FACTOR CN THE NOZZLE STRUCTURAL MATERIAL
PSIA IS THE SAFETY FACTOR ON THE NOZZLE ABLATIVE MATERIAL
K1 ANO K2 ARE EMPIRICAL CONSTANTS IN THE NOZZLE WT. EQUATION
PSIINS IS THE SAFETY FACTOR ON NGOZZLE INSULATION
DELINS IS THE SPECIFIC WEIGHT OF THE INSULATION IN LBS/IN%%3
KEH IS THE EROSION RATE OF INSULATION TAKEN CONSTANT
EVERYWHERE EXCEPT AT THE NOZZLE CLOSURE IN IN/SEC
KEN IS THE EROSION RATE OF INSULATION AT THE NOZZLE CLOSURE
IN IN/SEC
DLINER IS THE SPECIFIC WEIGHT OF THE LINER IN LBS/ IN#*%]
TJAUL 1S THE THICKNESS OF THE LINER IN INCHES
WA TS ANY ADDITIONAL WEIGHT NOT CONSIDERED ELSEWHMERE IN LARS
R AR e e ot ol R e e o0 e R el o ok s ok K e e o e 9o e e ok e ok e e el o 8 oK e e ok ek ok ek o
600 FORMAT{7XpF5.4'QX,Fb.Zg10X,F5.3,10XyF5.3'6X'F5.2y/,5X1F5.2,10X'F10
l.297X,F6.2,8X,FS.Z,8X,F5-3,fnggFT.Z,BXyF3-0.7X-F4.1giOK.FlO.ZsBX,
2F5.2,/,YX'FS-2.6X,F6.4,6X'F6-4,10K'F5-2,10X,F6.4./.6X.F6.497KvF6.4
3rI0X s FO 41 EXy FEu e 6X43FT7a2)

ARITE(6,610} PIPK,DTEMP,SIGMAP,SIGMAS,Nl;NZsSYCNDM'DCCvPSlcqﬂﬁLﬁqL
1CCrNSEGvHCN15YNNDM|PSISrPSIA:Kl'KZrPSIINS:DELINS,KEH,KEN.DLINER|TA
2UL s WA :

5610 FORMAT{ 20X ¢ P INERT WEIGHT INPUTSY 4/ 413X s PIPK= " 1PELleds/413Xy"
LIDTEMP= ', 1PEL 1.u4y/ 13X, tSIGMAP= YylPELL eG4y / 413X *SIGMASE ¢, 1PELLl.4
Er /v l3%y"NL= V4 1PELLleGe /e L3Xe"'NZ= YylPELLed s/ 413X PSYCNOM= YV, 1PETL,
349/ 13X+'DCC= "4 1PELley/+13X,?PSIC= '31PE11.44+/413X,'DELE= v, 1PEL
4le4s /913X, LCC= ", 1PELYle%y/ 413X, "NSEG= Yy1PELLl.4y/ +13Xy"HCN= ', 1PE
S1lla%s /9 13Xy "SYNNOM= Yy 1PELLledy/ 413Xyt PSIS= 'elPELla4s/ 313X PS5 A=
GV 1PELL 4y /913X, 'K]1= *JIPElLle4y/ 13X,'K2= VlPELlue%4s/ 413X "PSIINS=
T "+ 1PELLeAs /e L3X,"DELINS= "y 1PE1Ll.% s/ +13Xs "KEH= 'y1IPELl.4y/ 213Xe"K
BuN= "y 1PElletts/y 13X, *OLINER=E Ly lPELLea4 /913Xy TAUL= YSyIPELLl.4e/ 413
9Ky "WA= Y, IPEll.4) |
832 SUMYA=DELY*{ABP2+ABN2+ABS2)
IF(Y sEQ.0.0) SUMYA=0.0
VC=VC+5UMYA
IF(Y.GT.C.C) GO TO 11
PUNDZ=(A*RHU*CSTAR*SUMAB/ATI**(1-/{lo-N}}*(1-*(CAPGAM*JROCK)**2/2.
Lit%{N/(1l.~N)) :
FON=PONQGZ
MDIS=AT*PONQOZ /CSTAR

# O OH O % 3 # £ %
# O ¥ 3 ¥ X O ¥ B

L - O
- - B - - N

i
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TABLE IV-2. (Cont'd)

p2=pPONO1Z

PONDZ 2=PONGZ

FNOZ=PRAT®PONOZ

P4=2 . %MDIS*¥VN0Z/ (APHEAD+APNOZ)I+PNOZ
IF(GRAINLEQ.3)} P4=MDIS*VNOZ/APNOZ+PNOZ
FNOZ=PRAT*PONOZL

PHEAU=2 4MDIS®VNOZ/(APHEAD+AFNQZ)+PNGZ
[F{GRAINLZEQS) PHEAD MDI S*VYNOZ/APNOZ+PNOZ
RHEAD=A®PHEAD ¥*N

ZIT=MDIS%X/APNGL

RNM1=RHEAD

PHEANZ2=PHEAD '
RNOZ=RN1-( (RN 1-A*PNOZ#*EN=-ALPHA®IIT**, 8/(L*».Z*EXP(BETA*RNI#RHOIZIT‘
1330 /{ 1 +ALPHASZ I TH%, BRBETAXRHO/Z1 T/ (Lx*, Z*EXP(BETA*RNL*RHOIZITi))J
IFLABSIRNI-RNUZ}.LE.D.002) GO TO 4

KN1=RNOZ

GO 1O 3

AVEL=(RHEAC+RNGZ /2.

IF{Y.GT 0.0} GO TO 7

RiN2=RNUE

RHZ2=RFEAD

PONJ=PONOZ

OPCDY=uU,.0

LVEZ=AVEL

KRNAVE={ RNOZ4RNZ) /2.

RHAVE={RHLAD+RH2) /2.

MGEN= RHmtc.*{(RND£+RHEAD)*(ABPDRT+ABSLOT)+2 ¥ AXPONDZ*%xN*ABNOZ }
DRNOY={AVEL-AVE2)/DELY

REAR={AVEL1+AVEZ) /2.

GMAX=1.002%MD IS

GMIN=0.,998*MDIS

IFIY.GT.0.C) GO TO 12

GMAX=1.00L1%MD S

GMIN=0.999%MDIS

[IFUMGEN oGEGM INAND.MGENLLELGMAX) GO TO &
MDIS=MGEN

PONDL=MDIS*CSTAR/AT

GU TO 5

RE=2.%MDIS*X*L/{ (APNOZ+APHEAD )} *MU}
ME=SQRT(2./B0T{TOP/2. % (AE*MEL/AT )% (1. /ZAP)=1. )]
[F{ABSI{ME-MELl).LE.Q.,0Q02) GO TO 9

ME l=ME

GO TO 17

CONTINUE

IF{IGCOWNE«DANDLY LEL0.0Q) CALL IGNITN
IFIYJLELO.0) WRITE(G,1Q1) RE

101 FDRMAT{/!/,jBX,'**##*#**#**#*#**#********#*##',/,33X,‘*### EQUILIB

IRIUM BURNING #%¥kt, /33X, VRhRdokkb b a i agohhd ki x de ke k%4 o // 430X o
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TABLE IV-2. {Cont'd)

1 TINITIAL REYNOLDS NUMBER= *,1PEll.%)
PCNJI=PONOT
CALL OUTPUT
10 IF(Y.,LE..C5%«TAU} GO TO 16
SINK 1= VC/(CAPGAM*CSTAR)**Z*RBAR*DPCDY/IZ.
MASS=.01*MEIS
ANS4=Y+10.C*DELTAY
IF(KUUNT.GT.0) GO TO 16
IF{ABSE{SINKL) oL EaMASS., AND-ANS#.LE ANS=XT) GO TO 18
GO TO 16
18 DELY=10.%DELTAY
GG 10 55
16 DELY=DELTAY
55 DELTAT=2Z,.#*DELY/(RHAVE+RNAVE)
I=Z+DELTATX(RNAVE-RHAVE)
=Y+DELY
T=T+DEL TAT
SUMZ=5UMAB
RNZ=RNOTZ
RHZ2=RFEAD
AVEZ2=AVEL
GO T 1
11 MDIS=AT*PONDZ FCSTAR
GO T4 5
12 DPCDY=(PHEADZ+PCNDOZZ2) / (RNAVE+RHAVE) *DROY+{PHEADZ+PONDZZ)/({ ABP2+AD
INZHARS2 )%Z L)% DADY
[FCABS{DPLUY) LGELDOPOUT..OR. Y+GELXOUTY GO TO 25
SINKI=VC/(CAP GAMXC STAR ) *% 2%RBAR®DPCDY/12. +(PHEADE+PDN022)/2 #{ RNAV
LE+RHAVE ) /Z.%{ ABP2+ABN2+ABS2) /(12. % (CSTAR®CAPGAM ) *%2)
STUFF=MGEN-SINK1 _
[FISTUFF.GE GMINJANDLSTUFF.LE.GMAX]) GO TO 14
MO IS=STUFF
PUNOZ=MDIS*CSTAR/AT
GG 1O 5
14 PL1=PONOZ
PONJ=PONOZ
PLNOZ2=(P1+P2) /2.
P2=PONGZ
P3=PHEAD
PHEADZ={P3+P4&} /2.
P4=PHEAD
ANS=TAU=-ABS({Z/2.)
IF{Y.LTANSY CALL OUTPUT
[IF{Y.LT.ANS) GO TO 10
19 Zvi=7
YW=Y
SUMBA=5UMADB
P1=PONOLZ
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KHZ=RhEAU
KNZ2=RNU7Z
RAVE=AVEL
ABMAIN=SUMAB
ABY(O=0.0
WRITE{6,51)
51 FUORMAT(/ /¢ 3TX, Vesrkkgdkdbhkkdkhioketornkin? , / 37X, ¥%%x TAIL OFF BEG
LINS Hmamma, /37X, 9wk kg dopdokdonsong |, /)
20 ANSZ=TAU+ABS(ZIW/2.)
KOUNT=KGUNT +]
DELYW=DELTAY
CY2=DLL YW
iF(ZW) 32,32, 33
32 IF(Y LT JANS2.AND.ABS(ZW)GTLDY2) GO TO 211
SUMAB=ABMAIN
GO TG 21
211 SUMDY=SUMDY+DELYW _
SUMAB=( [ o +SIUMDY/ZZW-DELYW/ {Z2o*ZW) }XABTO={SUMDY/ ZW~DELYW/(2.%ZW) ) *AB
1MAIN
GO TO 31
33 TF{Y.LT dANSZ2.ANDWoZWGTDY2) GO TO 21
SUMAB=ABTO
GU TGO 31
21 SUMDY=SUMDY+DELYW
SUMABR=( La=SUMDY/ZWHDELYW/ (2% 2W) ) %ABMAIN+{SUMDY/ ZH~DELYW/ (2 4%IW) } *
1A8TO
31 IFISUMARL.LE.Q.Q) PONOZ=PONOZ/2.
[F{SUMAB L E.D.Q0) GO TU 25
PONODZ=( A¥REO¥CSTAR®SUMAB/ATI**(1./{1.=-N))
MDIS=AT%PONDZ JCSTAR
ABAVE={ SUMAB+SUMBA} /2.
SUMYA=DELY*®ABAVE
YC=VC+SUMYA
CADY={ SUMAB-SUMBAY/DELY
PIAR={PL+PONOZ)/ 2.
SUMBA=SUMAR
22 CPCOY=PBAR/(1l.-Ni*1l./ABAVE*DADY
IF{PONDZLEL30.0Y GO TO 25
RNGZT=A%PUNGTF*N
RHEAD=RNDO7
RIAR=(RHEAD+RAVE}/ 2.
MGEN=RHO®{ ANMNZ +RHEAD) F2.*SUMAS
GMAX=1,002%MDIS
GMIN=0,S98%MDI1IS
SIMNK1=VC/(CAPGAM®CSTAR ) *%2%RBAR*DPCOY/12.
STUFF=MGEN=-SINKI1
IF{STUFF «GE GMINLAND. STUFF LE.GMAX) GO TO 23
MO IS=STUFF
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10

23

25

318

25

28
100

102

TABLE IV-2. {Cont'ad)

PUNDZ=PCMJ+DPCDY%RDELY
IF{PONN7.LE.0.0) PONQZ=0.0
PRAR=(PLI+PONDZ}/2.

GU TD 22
RHAVE={RH2+RHEAD} /2.
RNAVE={RNZ+RNDZ}/2.
KH2=RFEALC

RN2=RNUZ

PREAD=PONOZ

RAVE=RHEAD

P1=P0ONNZ

PUNJ=PONDZ

IF{ABS{DPCDY) «GELDPOUT) GO TO 25
IF(Y.GE XOLUT) GO TO 25
CALL OUTPUT

GO TU 10

SUMAB=0.0

RHEAD=0.,0

RINIZ=RHEAD

PHEAD=PUNDZ

ARITE{6,218) _
FORMAT(//,33x,'##************#******#***#*#*#*#*l,/,33x,'#*** BEGI

LN HALF SECOND TRACE ##ska,/, 33X, ¥ dok dedeoeak dook oot oo kol ool A0 o s o 4 X6k 36 ok e e
1) '

CALL OUTPUT

TIME=T

DELTAT=.5

T IMzTIME+5.

PHT=PHEAD

PONT=PONDZ

$6=0.0

T=T+DELTAT

PHEAU=P HTZEXP (CAPGAM* X 2% ATRCSTAR/VC*(T=-TIME) *12.)
PONJZ=PHEAD

MDD IS=PONOZ #*AT /CSTAR

Y=Y +a5%RHEAD

CALL GUTPUT

IS(TLT.TIMAND.PHEADGE.30.0) GO TG 29

WP 1=G%SUMMT

WP 2=RHU*{VC-VLCI1%G

WP=({WPL+WP2}/2.

ISP=ITOT /WP

ISPVAC=ITVAC/ WP

WRITE(6s102) WPLyWP2,WP,,PHMAX,ISP,ISPVAC,ITOT,,ITVAL
FORMATA///7 413Xy " WP1l= VL IPELLud s/ 413X WP2= "4 1PELL.Gy/ 13X WP= 1,

LIPELLlaGe/ 13Xy "PHMAX= ", 1PELlLle@s/ 13X,V I8P= V4 1PELL .44/ 13X, ISPVA
2C= V4 IPELLl.4s /913X, 'ITOT= *, IPELLla%y/al3Xs"ITVAC= ¥ ,1PELLl. %)

LAMBDA=(VC-VvCI)/VC
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TABLE IV-2, (Cont'd)

WRITE{6,103) VCI,VC,LAMBDA -
103 FORMAT(13X.'VCI= *,1PELLl.4,/ 13Xy °VCF= "4 iPELlLle%y/ 113Xy LAMBDA= °
1 1PELLl.4)
IF{IW0.EQ.C) GO TO 903
PMEDP= PHMAX*[1.+N1*SIGMAP!*EXPIPIPK*DTEMP!
SYC=SYCNUM®{1l.,~N2*SIGMAS)
TAUCC=P SIC*PMECP*DCC/ (2.%5YC)
WCC=PI®*TAUCC*DCCH*DELC*¥LCC* (1. + INSEG=1. ) %(40.*¥TAUCC/LCC) )
TAUCD=TAUCC/2.
WCH=2,5%P1/2.#DCC*DCC*TAUCD*DELC
WON=4,5%P1/2.#DCCRHCN*TAUCD*DELC
WC=WCC+WCH+WCN
EPSIL=AE/AT
DT=2.%SQRT(AT/PI)
WN=K1¥DTH0T/( 1.+« 5% SIN{ALFAN) }%{ (EPSIL=~SQRT (EPSIL} ) *PMEOP*DT*PSIS/
ISYRNNOM+K 2% T#P S1A)
WINS=T#PSLINS#DEL INSYDCC*PI#{KEH*(DCCH, 40+ (S+NS)I*TAU/ 2,40, 15/
1PSLINS*(LCC—TAU®(5+NS) ) ) +KEN®, 8O¥HCN}
WL=TAUL*DL INER*¥PI*DCL* (DCC /2. +LLC+HIN)
WM=WC +WN+W INS WL +WA ¢ WP
ZETAM=WP /WM
RATID=ITGT /WM
WRITE{6,605)
605 FURMAT(/// 120X, "MOTOR WEIGHY CALFULATIONS'J
WRITE(6+601) PMEOP, TAUCC ¢WCoWNoWINSy WL ¢ Wity ZETAM,RATIO
601 FORMAT(13X,'MAX EXPECTED PRESSURE= *,1PEil.4,/,13X,"CYLINDRICAL CA
1SE THICKNESS= ',1P511.4,/,13x,'CASE WT= 'y LPE1l.4y/ 113X, *NOZZLE WT
2= 'y 1PELL.4s/ 713X, *INSULATION WT= ?,1PELl.4,/,13X,'LINER dT= *,1PE
3114y /75 13X "TOTAL MOTOR WT= '41PEll. 4v!vl3xc'ZETAM“ "1Ptll.4,/,13
4%, YRATIO OF ITOT TO WM= ?,1PELll.4)
903 CONTINUE
NOUM=1
IF{IPO.NE.OL.AND.IPOWNEL2) CALL OQUTPUT
901 CONTINUE
IF(I0PWNE.O) CALL PLOT{0.0,0.04999}
STOP :
END
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TABIE IV-2. (Cont'd)

SUBRCUTINE AREAS
##**r*t##*#*#**#*****######**##***##*#*##**######*i#*#**##**#****##*#

# SUBROUTINE AREAS CALCULATES BURNING AREAS AND PORT AREAS FOR
* CIRCULAR PERFORATED (C.P.) GRAINS AND STAR GRAINS OR FOR A *
* COMBINATION OF C.P. AND STAR GRAINS *

e 3R vk e de e wx alnale % ale xo ol ol ale ade e ol e ol e ke 3 e e 3k ol ol e e ol ol e afe e Rk ofe e e e e e X 6 e v o e Xk e i e g 3k ol e ok ik e e o e oo ik
INTEGER STAR,GRAIN,ORDER,.COP
REAL MGEMNMDISeMNDZ yMNL, JROCK ¢ NoL 4MELsMEISPLITOT yMUMASS,ISPVAC
REAL LGCT LGNIoNS NNoNPHLGST oNTLTP,LGCLSyLF
REAL MZ,MDBAR , ISP2+1TVAC)L1sL2¢LFW,LFWSQD
COMMON/CUONSTL/ZW+AE AT, THETAALFAN
COMMON/CONST3 /SeNS+GRAIN
COMMUN/VARIAL/Y T DELYDELTAT +PONOZ yPHEADRNCZ yRHEAD, SUMADB,, PHMAX
COMMON/VARIAZ2 /ABPORT ZABSLOTL,ABNOZ yAPHEADAPNOZ «DADY , ABP2 4 ABNZy ABS2
COMMOMN/VARIAZ/ITOT»ITVAC y JROCK ISP+ ISPVAC s MDISyMNDZ »SGySUMMY
CUMMON/VARIAG/RNTRHT » SUM2+R1 #R2 +R3I JRHAVE s RNAVE yRBARyYB»KOUNT,TL
COMMON/VARIAS /ABMAIN,ABTO,SUMDY,VCI »VC
DATA PI/3.14159/
ABRPC=0.0
ABNC=0,0
ABSC=0.0
ABPS=0.0
ABNS=0,.0
A4385=0.0
DABT=0.0
SG=0.0
ANUM=PI /4,
P{D2=PI/2.
RNT=:NT #RNODZ=DELTAT
RHT=RHT+RHEAD*DELTAT
IFIYWLEL0.G) AGS=0.0
1 K=0
IF{ABS{ZKICGT.0.0) K=1
YR=Y
IFIKEGal) Y=YB=SUMDY /2.
2 IFIKLENLZ2) Y=YB+ARS({ZW}/2.-5SUMDY/2.
JE{Y.LELD.Q) READIS,5001 INPUT,GRAIN,STAR,NT, ORDER:CDP
e M 2w e o8 Be e ke e e Fe e e ol Jeofe v e e ae age i ofe s e o sl ok ok ol ol R ot e sl ol ade ol o e ol vl ode o ol e R ol ol e e ofi afe ol s e e e e e e o e
READ THE TYPE QF INPUT FOR THE PROGRAM AND THE BASIC GRAIN
CONFIGURATION AND ARRANGEMENT
VALUES FOR INPUT ARE '
1 FOR ONLY TABULAR INPUT
2 FOR ONLY EQUATION INPUTS {EQUATIONS ARE BUILT
INTO THE SUBROUTINE)
3 FOR A COMBIMNATION OF 1 AND 2
VALUES FOR GRAIN ARE
1 FOR STRAIGHT C.P. GRAIN
2 FOR STRAIGHT STAR GRAIN

# o3 3 H# % oo ¥ N
# 0% O % ¥ o ¥ o f B
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3 FOR

VALUES FOR STA
STAR GRAIN I

0 #0

1 0

2 FQ

3 FO

VALUES FOR NT

TABLE IV~2.

COMBINATION OF

(Cont'd}

CeP. AND STAR

GRAINS

R ARE (WAGON WHEEL IS CONSIDERED A TYPE OF

N THIS PROGRAM])
R STRAIGHT C.P.
R STANDARD STAR
R TRUNCATED STAR
R WAGON WHEEL
ARE

GRAIN

0O IF THERE ARE NO TERMINATION PORTS

X WHERE X IS THE NUMBER OF TERMINATION POKTS
AND STAR

VALUES OF CRODE
GRAIN IS ARR

1 IF

2 1IF

3 IF

4 IF

stk NO TE# %%k

# %k NOTE
CONTINUE

R ESTABLISH HOW

ANGED
DESIGN
DE SIGN
DESIGN

IS STAR
IS CaPe
IS C.P.
DESIGN IS STAR
IF GRAIN=1,

®%%  IF GRAIN=Z,

A COMBINATION C

AT HEAD FEND AMD
AT HEAD END AMD
AT HEAD END AND
AT HEAD END AND
VALUE GF ORDER
VALUE OF ORDER

VALUES FCR COP ARE (APPLICABLE 7O C.P. GRAINS

O

W N

HEMISPHERICAL

CONICAL OR FLAT

IF BOTH ENDS ARE CONICAL OR FLAT
IF HEAD END IS CONICAL OR FLAY

IF BOTH ENDS ARE HEMISPHERICAL
IF HEAD END IS HEMISPHERICAL AND AFT END IS

500 FORMAT(YX e I2y IX91298Xe1296XeF4.0,9X124TX,121)

IF(YLE Q.00 WRIT

El646CT7)

607 FORMAT{(//,20Xy"GRAIN CCNFIGURATION?}

[IFIY«LEO0) WRIT

E{6,600)

P

C'P-
C.p.
STAR
STAR
MUST
MUST

GNLY)

AT
AT
AT
AT
BE
BE

AND AFT END

INPUT,GRAINSTAR ¢NT,CRDER,CQOP

NOZZILE
NOZZLE
NOZZLE
NOZZLE
2
4

IS

B OB 4P RO O oo o RN o

*
*
¥
x
*
*
*
*

600 FORMATI 13X, "INPUT= 3129/ ¢ 13Xy GRAIN= 7,12,/ 313X 'STAR= ¥,12s/413%

Le*NT= Y4 Fa4&.0s/sl3
IF{INPUTLEQW2) GO
[F{Y.LE.Q.C) GO T
IFIYTelLE Y ANDWK S
DENIM=YT=¥T2
SLOPEL=(4BPK=ABPK
SLUPEZ=(ABSK=-ARBSK
SLOPEA={ ABNK=ABNK
SLOPE4=({ APHK=APHK
SLOPES={APNK~APNK
B1l=ABPK-SLOPEL*YT
BZ=ABSK=SLQOPE 2*YT
B3=ABNK=SLGPE 3%YT
4=APHK -S5LOPE4%YT
BoO=APNK~SLOPE 9*YT
ABPT=SLUOPE1*Y+R1

Xy *URDER=
TO 12

06

t7.2) GO TO 8

23 /DENOM
2) /DENOM
2) /DENCM
21 /DENDOM
2)/DENCM

36~
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TABLE IV-2.

A8ST=SLOPE2%Y +B2
ABNT=SLOPEZ®Y +B3
APHT=SLOPE4%Y +B4
APNT=SLUPE S%Y +85
IF(INPUT.EQ.3} GO TO 3

GO TO 52

{Cont'a)

6 READ{5,507) YT ,ABPK sABSK y ABNK yAPHK,APNK,,VCIT
e 3 e ol o ot o e ok dotele o ol o oo ot ofe o e ke o e i ol A o ok ootk e e ok o 7 ol sl o ool A o oo o o ol e e ol ke ek o

(NOT REQUIRED IFf INPUT=2)

I N#%2

THE PORT AREA AT THE NOZZILE END IN IN&%2

THE INITIAL VOLUME OF CHAMBER GASES ASSDCIATED WITH

* READ IN TABULAR VALUES FOR Y=0.0

*

#* ABPK [5 THE BURNING AREA IN THE PORT IN IN%x2
# ABSK IS THE BURNING AREA IN THE SLOTS IN IN*%2
% ABNK 15 THE BURNING AREA IN THE NOZ7ZLE END IN
% APHK IS THE PORT AREA AT THE HEAD END IN IN%x%2
*® APNK IS

# VCIT IS

% TABULAR INPUT IN IN%%3

LI

#**s#*%¢*4#¢#¢*¢a*#***t******#t#*###¢****#*#*****#*************#****#

507 FORMATUOX,FO+42410X,E1Le4y10XsELlL. 4'8X Elle4+/7422X4ELL o4y 9X4ELL %y
1 8Xy,Ell.4)

WRITEL6461C0)
610 FORMAT( 13X, 'TABULAR VALUES FOR YT EQUAL ZERO READ
WRITE(H2582) ADPK,ABSKABNK JAPHK s APNK

583 FIORMAT(13X,TAHKPK=1,1PE11.4,5X+FABSK=
1 5X,YAPHK=

Y12=¥T

'y LPEL1 495X, PAPNK=*,1PELLL4) |
WRITELGE,584) WCIT
584 FOSMAT(L3X,"WCIT=',iPELll.44//)
ABPT=ABPK
A3S5T=A8SK
AGNT=ABAK
EPHT=APHK
APNT = APNK

{FIINPUTLEQ.3) GO TO 3

GO 10 52
8 YT2=¥YT

AIPKZ2=ABPK
ARNKZ=ABNK
ARSK 2=ABSK
APHK 2 =APHK
APNK Z2=AFNK
KEADL 5+ 505) YT,ABPK, ABSK'ABNKyAPHK APNK
el s 30 o g ROl ok sk e St o o oK o e SR o o s e s e ot e of o ot o ok o e e e ke e el ol o e ool o ok o e et o o o At ok e ek ok

e READ [N TABULAR VALLES FOR Y=Y

(NOT REQUIRED FOR INPUT=2)

IN®)

FalPELL 45X TABNK=? ,IPELL . 4%y

X

AR e e o ok e ol e o s air it o o ok i g e oo ol o e e ol e e ok e o ol ol e e s el oG e e ot ol ke sl e O ol ae ke o e ok ol e o ode 3N e e e ok

505 FURMAT( 6XyF6u2ylOXyEL1a4yl0XyELL a4 y8XyELLa®y/422X1ELL4+49%X,ELlLl.4%)

WRITE{6,611) YT
6ll FORMAT(///7413X, "TABULAR VALUES FOR YT= ",FT7.3,"

-3T=

READ IN')



IAGE 15

TABLE IV-2. ({(Cont'd)

WRITE(G64583) ABPKABSK ABNKAPHKAPNK
Gl T0 9

12 ABPT=9.0
AINT=0.0
ABST=0.0

3 JIF{GRAINLNES2)Y GO TO 4
ABPC=0.C
ABNC=0.0
ARSC=0.0
GO TO 7
4 1F(YLLE.0.0) READ{S5¢5C1L) DOsDIDELDI ¢S+ THETAG,LGCI ¢ LGNI THETCN,y THE
1TCH '
A e e e o ot R A R R R A 9 AR K R R K o e e o o o R
READ IM BASIC GEOMETRY FOR C.P. GRAIN (NOT REQUIRED FOR
STRATGHT STAR GRAIN})
DO IS ThE AVERAGE QUTSIDE INITIAL GRAIN DIAMETER IN INCHES
DI IS THE AVERAGE INITIAL INTERNAL GRAIN DIAMETER IN INCHES
DELDI IS THE DIFFERENCE BETWEEN THE INITIAL INTERNAL GRAIN
DIAMETER AT THE NOZZILE END AND DI IN INCHES

S IS5 THE NUMBER OF FLAT BURNING SLOT SIDES {NOT INCLUDING
THE NOZZLE ENDY)

THETAG IS THE ANGLE THE NOZZLE END OF THE GRAIN MAKES WITH
THE MOTOR AXIS IN RADIANS

LGCI IS THE INITIAL TOTAL LENGTH OF THE CIRCULAR PERFORATION
IN INCHES '

LGMI IS THE INITIAL SLANT LENGTH OF THE BURNING CONICAL
GRAIN AT THE NUZZLE END IN INCHES

THETCN 1S THE CONTRACTION ANGLE OF THE BONDED GRAIN IN RAD.

THETCH IS THE CONTRACTION ANGLE AT THE HEAD END IN RADIANS

e e e 5 o RO Kot O o % e e oo A o e o ook e o e i ok e ke 2 e e e b o e 0o R e oK Rl A e e

SOL FORMATUSXyFTe 396X sFTe39IXeFTa395XsFau09FXsFTe59/9ThyFTa2+TX4F5.249
13 FT 459 GXyFTa5)

IF{Y oLE.0.0) WRITE(6,50)) DOyDIsDELDI +SyTHETAG,LGCT 4LGNI,THET N, TH
1ETCH ' :

6501 FIRMAT(Z20Xs'C «Pa GRAIN GEOMETRY '3/ 413X 9"'D0= ¢ ,F743,/,13X,'01= ',F7
1.33/ 913X 'DELDI= VyFT43,7/+13Xe?5= " 4F4,04/ 413X *THETAG= "+ F7.54/1
23X LGUTI= "y F 7297 113Xe " LGNI= *4F6.29/ 913X THETCON= 14 FT5+/913X0?
ATHETCH= "wF7e54//)

DOSNO=00%00

DISQD=DI%DI
BNUM=ANUMED0SQD

TLL=TL

IF(DADER.GE-3) TLL=0.0
YOI=2.%Y+0DI

YDISQD=YDI*YD]
ABSC=S*xANUMX( DOSQD-YDISQD}
IF{ABSC.LEL.0.D) ABSC=D.0
IF{YDI.GT.CO) GO TO 100

E R I - - N

OO0 o000 OnTaamn
# 5% % F oW RO O OH B R

~38-



'AGE

16
TABLE IV-2. (Cont'd)
IF(THETAG.GT. 0.08727) GO TO 101
IF{COP.EQ.C) GO T9 700
IF{COP.EQ.L1) GO TO 701
IF{COP.EQ.2) GU 7O 702
LGC=LGC I=-(SOR T(DOSUU-DISOD)I-SQRT(DOSAD~-YDISQD) ) /2 ~Y*COTAN(THETCN)
GO TO 710 :
702 LGL=LGCI-(SQRT(DOSQD~DISQDI-SQRT{DOSQD-YDISQD) )
GU TO 710

701 LGC=LGCI-(SQRT{DDSQD-(DI+DELDI)**2)“SQRT(DOSQD“(YDI*DELDI}**2))/
1 2.-Y*COTAN(THETCH)
GO TO 710
790 LGC=LGL I-Y*{(COTAN(THETCONI+COTAN(THETCH) )
710 ABPC=PI*YDI*(LGC-TLL~S5%*Y)
ABNC=0.0
GO TN 7322
101 CONTINUE
[FICOPLER.CLURCOPLEGL.1) GO TO 720
ABPC=PIAYDI*{ LGCI-(SQRT(DOSQD~DISQD)-SQRT{DOSQD-YDISQD)Y )/
1l Za=TLL~(S+TAN{THETAG/2.))%Y}
GO TQ 720 ,
720 ABPC=PI*YDI*( LGCI-Y*COTAN{THETCH) =TLL~(S+TAN(THETAG/ 24 ) 1 %Y)
T30 IF(CUFP.EQ.1.0R.COPLEWL2) GO TO 731
ABNC=PI®(LGNI-Y*COTAN(THE TAG+THETCN) =Y*TAN(THETAG/ 2.1 ) %{( DIl +
1L DELODI+Y+LGNI*SIN{THETAG)+YXSIN{THETCN)/SIN{THETAG+THETCN) }
G TO 722
731 R3I=L{(DI+DELDI}/Z2+LGMI*SINITHETAG) ) %#COS{THETAG) -SIN(THETAG)*
L SQRTHH0DG/24 1%%2-((DI+DELDI) /2. +LONI*SIN{THETAG)) *%2)
AINC=PT* (LGN ~R3~Y*TAN{THETAG/2. ) ) * ({DI+DELDI}/2.+SQRY{{ DO/
1 24 )%k 2-(R3+YIHX2I.SIN{ THETAG) +Y+{(RI+Y)*COS{THETAG))
732 1F{ABPC .LE.C.0Q} ABPC=0,0
IF{ADNC oLELCs0) ABNC=0,0
GO T 5
100 ABNC=0.0
ABPL=0,0
S APHT=ANUMH{D] r2 ,%RHT )} %%2
TF{APHT JGELBNUMY APHT=BNUM
APNT=ANUME{ O] +DELDT#2 ,2RNT 2% 2
IF CAPNT GELBNUM) APNT=BNUM
[FIGRAINLNELL) GG TO 7
ABPS=0.C
ABS55=0.0
ABNS=0.0
GO TO 50
T IF(YLLEQaC) READ{S54502) NSsLGST +NP4RCsFILLWNN

C  demded ook o ke ook ok ok dkok e o o gk o e Kook e Xt X0 e o sl ol ot o o ol e ok ke e A e e ook ok e e
C = READ IN BASIC GEOMETRY FOR STAR GRAIN (NOT REQUIRED FOR ®
C = STRAIGHT CePe GRAIN)} *

~39~



]AGE

aEalelsEeleReEala NGl &

17 ‘
TABLE IV-2. (Cont'd)
# NS IS THE NUMBER OF FLAT BURNING SLOT SIDES (NOT INCLUDING
# THE NGZZLE FEND)
* LGST IS THE INITIAL TOTAL LENGTH OF THE STAR SHAPED
% PERFORATED GRAIN IN INCHES
* NP IS THE NUMBER OF STAR PCINTS
* RC IS THE AVERAGE STAR GRAIN DUTSIDE RADIUS IN INCHES
% FILL IS THE FILLET RADIUS IN INCHES
% NN IS THE NUMBER OF STAR NOZZILE END BURNING SURFACES

st ot ol 4z e e o e o e Ao S o o ol g o ke e e e o st o o o o o ke ke oo ofe e ol e ol e e o o o ok o e ke e o ook o ok o o

502 FURMATIOX s Fha Dy TR F T 245X sF4e 055X sF T3 39X 2 FT 315X s F4a0)
IF{YeLEW4OQu0} WRITE(6,602) NSH)LGSI +NPsRC,FILL ¢NN
602 FORMAT{ 20X, 'BASIC STAR GEOMETRY?® /413X "NS= ¥ ,F4,04/413X"'LGSI=

%
%
*®
”*
*
%
##
=
%

ty

1F7 237y 13X+ *NP= ".F4.0gl,13X"RC= Wy FTe3s/+13Xs'FILL= '.F7.3,1,13X

21 PNN= Y ‘F:III.G! //)

PICNP=P /NP

RESAD=RC=RC

FY=FILL+Y

FY SQU=FY*FY

IF{STARLFQ.1) GO TO 20

IF{STAR .EQ.2) GO TO 201

IF{Y.5T.0.0) GO 70 179

READ(S5,421) TAUWW,L1sLZ2yALPHAL yALPHAZ yHW

s ek e e % e g deo o e o 6 e ol Ak e ok ok o oo e oo ok o o s ok e e o e e e ol e o ol 3R 3 e o A K o e i e gk oK e sl e e ol

* READ IN GEOMETRY FOR WAGON WHEEL (NOT REQUIRED FOR STANDARD

* OR TRUNCATED STAR GRAINS)

#* TAUWW IS5 THE THICKNESS OF THE PRDPELLANT WEB IN INCHES

* Ll AND L2 AREL THE LENGTHS OF THE TWO PARALLEL SIDES OF THE

% TWCG SETS OF STAR POINTS IN INCHES

® ALPHAL AND ALPHAZ ARE THE ANGLES BETWEEN THE SLANT SIOES OF

* THE STAR POINTS CDARRESPONDING TO L1 AND L2+ RESPECTIVELY,
* AND THE CENTER LINES OF THE POINTS IN RADIANS

% HW IS5 HALF THE WIDTYH OF THE STAR POUINTS IN INCHES

e e ek g e e o sk o e et Sk et o o ol e e el e o oot R0 R R ok e o o o ol ol o ol ok ok % ok Rl ok

421 FORMAT{3(6X+F5.2)32(10XsFT7.5),6X,F5,2)
WRITE(64422}) TAUWWILL1sL2)ALPHAL yALPHAZ JHW ~
422 FURMAT{ 20X,y "WAGON WHEEL GEUMETRY* /413X 'TAUWW= " ¢F5.24/ 413X,
L 'L1= "4F0.Z29 /413Xy 'L2= ' 3F5.29 /413X YALPHAL= *,F7.5¢/4+13X,
2 TALPHAZ= ', FTa59/e13Xs*HWS V43F5.2,/7) '
ALP2=ALPHAZ
XbLz={2
LFw=RC~TAUWW-FILL
LFWSUO=LFW*LEW
THLYFW=ARSIN( (HW+FILL}/LF W)
SLFW=LFW*SIN( THETF W}
179 KKK=0
56=0.0
ENUM=(RCS5QD~- LFNSQD-FYSQD)I{Z.*LFN*FY}
AL PHAZ2=ALPZ2

=U0-

*
'Y
#*
%*
*
#*
*
%*
Y
%



160

TABLE IV-2, (Cont'd)

Lz=XL2

YTAN=Y*TAN{ ALPHAZ/2.)

COSALP=COS{ALPHAZY

SINALP=SIN(ALPHAZ)

TFIYTANLGT.L2)Y GO TO 182

LF(FY .GTWSLFWE GO 70 181

SOW=NP# (L 2-2. *YTAN+{SLFW=FILL) /SINALP-Y®=COTAN(ALPHAZ) +FYx

1 (PID2+THETF W) +{LEW+FY)%* (PIDNP~THETFW) )

181

184

182

222

223

185

1§86

187
183

188

GO TO 183

[IFIY.GT.TAUWW]) GO TG 184

SGW= Vp*(FY*(PIDNP+ARSIN(SLFH/FY}J+(PIDNP THETFW) *LFW)

GU TO 183

SGW=NPxFY®(THETFW+ARSIN(SLFW/FY)}—-ARCOSLENUM})

GO TO 183

¥YPO==SLFW

IF(ALPHAZ.GE.PIDZ2) GO TO 222

Qa=FILL+L2*TAN{ALPHAZ)-Y/COSALP
XPI=(-0*TAN(ALPHAZ)-SQRT{-Q*Q+FYSQD/COSALP*COSALP} ) *COSALP%C0OSALP
YPI=XPI*TAN(ALPHAZ }+Q '
XPO=(YPO~Q)*CUTANC(ALPHAZ)

G TO 223

XPpl=y-L2

YPI==S0RT(FYSQD~XPI*XP1)

XPO=XP1l

FYLS=SQRT(SLFWESLFW+XPI®XPI}

XPI02={ XPI~X2D )% (XPI-XP)

YPIO2=(YPI-YPOI*(YPI-YPO)

IF(FY.GTLFYLS) GO TO 186

IFIY.GE.TALWW) GO TO 185
SOW=NPH{SORT{XPIOZ2+YPIC2 +FY* (PID2+THETFW=-ARSINIXPI/FY) )+ {LFW+FY}*
1 (PIONP-THETFWI)

GO Ta 183

SGw= NP*(SORT(XPIDZ+YPIDZ)+FY*(PID2 ARSIN(XPI/FY}=ARCOSTENUME) )

Gl TG 183

IF(YGCT«TALYW) GD YO 187

SGW=NP*{FY&#(P IDNP+ARSIN(SLFW/FY} )+ (PIDNP-THETFW) *LFW)

GU TO 183

SGU=NP*FYX(THETFW+ARSIN{SLFW/FY})~-ARCOS(ENUM) )

IF{SGH.LE.C.0} SGW=0.0

[F{Y.GT.0.C) GO TO 188

AGS2= 5% (PI*RCSOD-NP*:LFW*SLEWR{COS{THETFW)I-SINITHETFWI*COTAN(ALPHA
1L 21-2.#{L2+FILL*TANCALPHAZ/2.) Y /LFW) ~(PI-THETFW*NP) XL FWSQD~2,%NP*F

2 ILL*{L2+SLFW/SINALP+LFH*(PIDNP ~THETFWI+(PIDNP+PID2~1./SINALP) *

1 FILL/Ze))
AGS=AGS+AGSZ

CONTINUE

SG=SG+SGW
[IFI(KKK.EQ.l) GO TO 24

=41~
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TABLE IV-2. (Cont'd)

L2=L1
ALPHAZ=ALPHAL
KKK=1

G} TO 190

201 IF{Y.LE.C.O) READ(5+503) RP,TAUS

C e e A o %ol o oo o e ol e e ol ok ok o e e ol R i de sl e vl wie 3ge e ok ke ke X e e e e o ol ot kol sl o e ok el e ke ol o e e o o o ol ool e ke e
L = READ IN GEOMEYRY FOR TRUNCAYED STAR (NOT REGQUIRED FOR %*
C = STANDARD STAR UR WAGUN WHEEL) *
C % AP IS THE INITIAL RADIUS OF THE TRUNCATION IN INCHES %
C =% TAUS IS THE THICKNESS OF THE PROPELLANT WEB AT THE BOTTOM %
C =% OF THE SLOTS IN INCHES *
O H iR Rk R A R RO R K AR AR A O R RO AR K
503 FORMATI(SXFT7.33TXyFTa3)
IF(YLE 0.0} WRITE(64683) RP,TAUS
603 FORMAT( 20Xy 'TRUNCATED STAR GECMETRY? s/ 13X, 'RP= *,F7.3,/+13XKs'TAUS
1= Y2 F743:/77)
THETAS=PIDNP
RPY=RP+Y
LS=RC-TAUS-FILL-RP
RPL=RP+LS
THETS L=THETAS-ARSIN(FY/RPY)
[F{THETS1.LE.D.0) GO TO 110
[F(Y.LF.TAUS) GG TO 103
THETAC=ARSIN{ (RCSQD-RPL*RPL-FYSQD} /(2. %FY%RPL)}
[F{THETAC.CE.0.0) GO TO 104
IF{Y..LTRC=RP) GO TO 105
5G=0.0
GIv TN 14
103 SG=2%MPe{RPYH®THETSL+LS=-(RPY*COS{THETAS-THETSL) -RPY+PID2%FY)
GO T 14
14 SG=2*¥NP*{RPY*THETS1+LS~(RPY*COS{THETAS=-THETS1L ) ~RPI+FYXTHETAC)
Gl TD 14
109 SG=2.#NP*(RPY*THETSLI+SQRT(RCSQGD-FYSQDI-SQRT(RPYXRPY-FYS5Q0))
19 [F(YeLE «0.0) AGS=PI*{RCSQD-RPH*RP)=NPR(PI*FILL*FILL/Z2.4+2.%LS%FILL)
GO TO 21
110 THETAF=THETAS
THETAP=2.%THETAS
TAUWS=TALS
GO TO 111 .
20 IF{YLE.0.0) READ(5,504) THETAF.THETAPLTAUWS
C olodon o gt dok o de s o i 6 ool 3k o ot e 2 o ol o A o o o e ke o o ko ok e ot o R e o e o o oo o oo e Aok
C = READ IN GEUMETRY FOR STANDARD STAR (NOT REQUIRED FOR *
C = TRUNCATED STAR OR WAGON WHEEL) ' *
c = THETAF IS THE ANGLE LOCATION DF THE FILLET CENTER IN RADIANS #*
C % THETAP IS THE ANGLE OF THE STAR PDINT 1IN RADIANS *
c = TAUWS IS THE WEB THICKNESS OF THE GRAIN IN INCHES *
C o ole o 3 3 o ol it se o ok ode e e ok g S o e ol e e e ol ol o e ol ok el o e K ofk o b e e ok e o sk ol e ok o X ikl xR e Ao Ak A g e o N g o o o K

504 FORMATU9X,F7.599X,FT725,8X4F6.3)

-



AGe

29

TABIE IV-2. (Cont'd)

IF{YsLE 200} WRITE(H,604) THETAF,THETAP,TAUWS
604 FORMAT(Z20X,'STANDARD STAR GECMETRY® 3/ 313X "THETAF= V4 FT454/413X4'T
LHETAP= v, F7.52/y13Xs'TAUWS= " 4F6.3,+7/)
THETAS=PI/NP
THETS1=1.00
111 LF=RC-TAUWS~-FILL
CNUM={Y+FILL}/LF
DNUM=SIN{ TFETAF)/SIN{THETAP/2.)
ENUM=(RCSQU-LF*LF~FYSQD) /{2 *LF*FY)
FNUM=SIN(THETAF} /COS(THETAP/2.)
IFICNUMLJLE FNUM) GO TO 106
1F(Y JLELTAUWS GO TO 107
SG=2.%NP*FY#( THETAF+ARSIN(SIN(THETAF) FJCNUM) -ARCOS{ENUM))
G 70 23
106 IF(Y.LE TAURWS) SG=2.,¥NP*LFx(DNUM+CNUM*(PIDZ+THETAS-THETAP/ 2.
L~COTAN( THETAP /2. ) }+THETAS-THETAF)
IF(Y LE.TAUWS} GO TO 23
SH22 NP E{FY®ARSINIENUM= { THETAS=-THETAP/2. ) ) +LFADNUM-FY*COTAN(THETA
1#/2.3)
Gu TO 23
107 SG=Z. *NP*LF*(CNUM*(THETAS+ARSIN‘SINiTHETAFl/CNUM)3+THETAS THETAF)
23 IF(THETSLl.LF.0.0) GO TO 14
IF(Y eLF eQ0e0) AGS=PI*RC*Q2~NP*LFxLFR{(SIN{(THETAF )} *(COS(THETAF )}~
1SIM{THETAF)*COTANC( THETAP /2. ) )+ THETAS-THETAF+2. % FILL/LF*{SIN{THETAF
21/ SIN(THETAP/ 2 )+ THETAS-THETAF+FILL/ (2 %LF)*(PID2+THETAS-THE -
3TAP/2.~CUTAN{ THETAP/2.1) 1))
24 CONVINUE
31 IF(SG.LE.Q.0) S$G=0.0
[FIKLERQaD+OR.K.EQe2) SGN=5G
IFIYJ.LE 0.0} 5G2=5G
IF{K.FQ2} GD ¥O 37
RAVEDT=H1+{S6+5G2)/2.¥RBAR*DELTAT
RNDT=RZ2+{ SG+5G2 )} /2. *RNAVE*DELTAT
RHOT=R3+{SG+SG2}/2.#RHAVE*DELTATY
R1=RAVEDT
RZ=RNDT
R3=R&DT
562=5G
GN 70O 38
37 IF{KOUNTLNELL) GO TO 39
SG3=5G
R4=R1
RE=R2
R&E=RT3
39 RAVEDT= R4+(SG*SG&)/Z.*REAR*DELTAT
RNDT=R5+{SC+S5G3) /2. *RNAVE*DELTAT
RHDT=R6+(S56+45G3) /2. %RHAVEXDELTAT

~U43n



1&GE 21

TABLE IV-2. (Cont'd)

RHDT=RGH{SG4+SG3 1 /72 %RHAVEXDELTAT
P4=RAVEDT
Ro=RNDT
R&6=RHDT
$G3=58G
38 ABSS=(AGS-RAVEOT)I%®NS
IF{ADSS oLF 0. 0.0Re5G1LE.0.0) ABSS5=0.0
ABNS=(AGS-RNDTJ)*NN
[IF(ABNS eLF o0+ 00R.5GaLEe 00} ABNS=0.0
IF{URDERLLE.2) ABPS={LGST~Y®{NS+NN}}*SG
IF{ORDER.LE.Z2)} GO TO 36
ABPS={LGSI-TL-Y®(NS¥NN) %5
26 PIRCRC=PI%RCSQD
APHS=PIRCRC~AGS+RHDT
IF{APHS GELPIRCRC.OR.SGL.LE. 0 0) APHS=PIRCRC
APNS=PIRCRC-AGS+RNDT
IF{KLTL2) APHS1=APHS
IF(APNS.GELPIRCRCY APNS=PIRCRC
50 IFINT.EDQ,0.0) GO TO 371
IF{Y.LELQ.C) READ(5,5C6) LTP«DTP,THETTP,TAUEFF
e el ool ok e o e 0ol Rk A e A e AR R 30 e B e o o o e A e e K A
READ IN GEOMETRY. ASSOCIATED WITH TERMINATION PORTS (NOT
REQUIRED IF NT=0})
LTP IS THE INITIAL LENGTH OF THE TERMINATION PASSAGES
IN INCHES
OTP IS THE INITIAL DIAMETER OF THE TERM{NATIDN PASSAGE
IN INCHES
THETYP IS THE ACUTE ANGLE BETWEEN THE AXIS OF THE PASSAGE
ANLC THE MOTOR AXIS IN RADIANS
TAUEFF IS THE ESTIMATED EFFECTIVE WES THICKNESS AT THE
TERMINATION PORT IN INCHES :
e e s st e e e o oo ok ke e e o e e e o o ok e e A o A e e o o e o i o ok ok i o ol ate o ol ol e s ke oo o ok o e e R KK o
506 FORMAT! TXsFEa 24 TXoF0a2410X4FT7a5,:10X¢Fba3)
IF(Y.LE-Q.Q) WRITE(64606) LTP,DTP,THETTP,TAUEFF
606 FORMAT(Z20X,"TERMINATIGN PORT GECMETRYY o/ 413X TLTP= " ,FH6.24y7/4+13X,'D
1TP= VPG, 24/ 13Xy "THETTP= " 4FTu54/ 213X VTAUEFF= V,F6,.3,/7)
DABT=NT*3, L4l 59% [({DTP+2, %Y )& {LTP=Y/SIN{THETTP) ) ~(DTP+2. %Y ) %¥2/4 .+
MUY HDTRP /2, 1% (DTP/ 24 1%L le=14 /7SIN{THETTP) })
IFIY.GEF.TAUEFF) DABT=0.0
371 IF(Y.GT.0.0) GO TO 52
IFINT ,NELD.C) GO TO 45
LTP=0.0
DTP=0.,0
45 TF(GRAINJNE.2} GO TO 4%
LGC1=0.0
LGNLI=0.0
49 IFI{GRAIN.EQ.L)} LGSI=0.0
VCI=1.L#(ANUMHDISQO®(LGCTI+LGNI )} + {ANUMRDOSQU-AGS ) XLGS I +NT#LTPRANUMK

3 % O # X AR EH K

3 O o o® OO E

Lk
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76
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TABIE IV-2. (Cont'd)

1 OTPxDTP)+VOIT

3BP=0.0

885=0.0

REN=0.0
ADPORT=ABPT+ABPC+ABPS+DABT+BRP
ABSLOT=ABST+ABSC+ABSS+BBS
ABNIZ=ABNT+ABNC+ABNS+BBN
SUMAB=ABPORT+ABSLOT#ABNOZ
[F{KLEQ.O) G TD 99
IF{K.EQ.1) ABMAIN=ABPORT+ABSLOT+ABNOZ
K=K+]

[FIK.GT.2}) GO TO 69

GO 70 2 _
ABTO=ARPORT+ABSLOT+ABNGLZ
CONTINUE :
IF{Y.GT.C.C} GO TO 70

ABP 1=ABPORT

ABNI=ABNOZ

ABS1I=ABSLAT
ABP2=1ABPL+ABPORT) /2.
ABNZ=(ABNL+ABRNDZ) /2.
LBSZ=(ABS1+ABSLOT) /2.
ITF{INPUT.EQ.L Y GO TO 76
GO TO (7Le72¢ 739 74)+0RDER
APHEAD=APHSI1

APMOZ =APNT

SG=SGH

GO TO 75

APHEAD=APHT1

APNQZ =APNT

5G=0.0

IF(GRAINLEQ.3) SG={SGH+SGN)/2.
GO -TO 7%

LPHEAD=APHTI1

APNOZ=APNS

SG=50N

GO TO U5

APRHEAD=APHS]

APNOZ=APNS

S5G=S06GN

G Yo 75

APFEAD=APHT

APNOZ=APNT

Y=YB

DIFF=SUMAR~-SUM2
DADY=DIFF/DELY
ABPI=ABPORT

ABNLI=ABNGL

=lL5.
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77

ABRSLI=ABSLOT
[FUIW.GE.0.0Q)
AdML=AH8MAIN
ABMAIN=ABTO
ABTO=ABML
RETURN

END

GO TO 77

TABLE IV-2.

L6

{cont'd)
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TABLE IV-2. {(Cont'd)

SUBROUT INE CUTPUT
R a2k % ek e 3 ae ol o ok e e e A duoie e e ok o o e ol e e o o ol e ok e e oo ok ode e sl oke o sk o o ol o R ol ol o e ol e o e ik
* SUBKUUTINF QUTPUT CALCULATES BASIC PERFDRMANCE PARAMETERS
* AND PRINTS THEM QUT :
% {WEIGHT CALCULATIONS ARE PERFORMED IN THE MAIN PROGRAM)
* T 1S THE TIME IN SECS
% Y IS THE DISTANCE BURNED IN INCHES
* RNJZ IS THE NODZZLE END BURNING RATE IN INCHES/SEC
#* RHEAU IS THE HEAD END BURNING RATE IN INCHES/SEC
% PONGZ IS THE STAGNATION PRESSURE AT THE NOZZLE END IN PSIA
* PHEAD 1S THE PRESSURE AT THE HEAD END OF THE GRAIN IN PSIA
* PTAR IS THE PORT TO THROAT AREA RATIOQ
2% MNJZ IS THE MACH NUMBER AT THE NQOZZLE END OF THE GRAIN
At PATM IS THE ATMOSPHERIC PRESSURE AT ALTITUDE IN PSIA
* SUMAB IS THE TOTAL BURNING AREA OF PROPELLANT IN IN%#*2
* SG 1S THE BURNING PERIMETER IN INCHES OF THE STAR SEGMENT
% {IF ANY} '
% CFVAC IS THE VACUUM THRUST COEFFICIENT
* FVAC IS THE VACUUM THRUST IN LBS
x F IS THE THRUST IN LBS
¥ % % 3 o i o e e o o o o o et e o o o o R el e o bk e e e o o o o o sie e e sl o 3 o e SRR ol i e e e e e e e o e e o 3 ok e sl e ok e ok
REAL MGENyMDISyMNOZ yMN1y JROCK ¢NsL e MELyME,ISP,ITOT»MUsMASS, ISPVAC
REAL M2.MCBAR,ISPZ2,ITVAC
COMMON/ZCONSTL/ZWAE ATy THETAALFAN
COMMON/CONST2/CAPGAM 4 ME,BOTy ZETAF s TB +HB »GAM
COMMUN/VARTAL/Y Ty DELY,DELTATPONOZPHEAN ,RNOZ y RHEADy SUMAB 4 PHMAX
COMMON/VARIAS/LTOT s ITVAC ¢ JROCK ISPy ISPYAC yMDIS ¢ MNOZ ySG ¢ SUMMT
COMMON/VARIAS/ABMAIN,ABTO, SUMDY,VCI ,VC
COMMON/PLOTT/NUMPLT(L6) s IPO,NDUM,NP,IGP
DIMENSICN TPLOT(200)+PNPLOT(200) 4PHPLOT(200) +FPLOT(200),
1 FVPLOT(20C) yPNPLOT(200) ,RRPLOT(200),YBPLOT{200),ABPLOT(200},
L SGPLOT(2C0) ,VCPLOT{200)
CATA G/32.1725/
IF{NDUMLCQL1) GO TO 2
NP=NP+]1
Y=Y
[F{Y.LF.0,C) M2=MDIS
MDBAR=({M2+MDIS) /2.
SUMMT=SUMMT+MDBAR#DELTAT
PTAR=1,/JROCK
PRES=(1.+BOT/ 2., #ME®ME ) %% (=GAM/BAT)
ALT=HB*(T/TB)*%{(T7./3.)
PATM=14.6G¢€/EXP{Da43L03E~04%ALT) _
[IF(MDIS4LELQ.0.0R.PONUZ.LE.O.O) GO TO 45
CF=CAPGAMXSCRT{ 2., #¥GAM/BOT*{1.~PRES**{BOT/GAM) ) ) +AESAT*{ PRES-PATM/P
10M02Z)
CFVAC=CF+AE/ATH*PATM/PONUZ
F=ZETAF¥COS(THETA)*PONDZ*AT*{ (L. +COS{ALFAN) ) /2 %CF+({1le~COS{ALFAN}}

$ o # & K O R R R R R

ATa
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TABIE IV-2. (Cont'd)

1/2.%¥AE/AT#(PRES-PATM/PONQOLZ) )
[F(F.LE.0.0) F=0.0
[F{Y.LE.0.0) F2=F
FBAR=(F+F2)/2.

FVAC=ZETAF*CO S{THETA)Y*PONOZ*AT*({1. +CUS(ALFAN))/2.*CFVAC+II.—CGS(A

ILFAN) Y/ 2. *AE/AT*PRES)
IF(Y.LE.0.0) FV2=FVAC
FVBAR={ FVZ2+FVAC)/2,
ISP=F/(MDIS%G)
ISPVAC=FVAC/{ MDIS*G)
[TOT=1TOT+FRAR®DELTAT
ITVAC=1TVAC+F VBAR®DELTAT
M2=MDIS
F2=F
FV2=FVAC
[F{PHEAD.GT.PHMAX) PHMAX=PHEAD
GO TO 47 '

45 (FVAC=0.0
FVAC=0.0
F=0.0

47 WRITE(O6,.1) TvYBlRNUZlRHEADvPUNGZ:PHEADIPTARtMNOZ,SUHAB!SG'PATM|CFV

1AC, FVAC,F

I FURMAT( /713X TIMEs Y FT43,12Xy'Y= ?,F6.35,/313Xe?RNOZ= ", 1PEL1l.4%,
1*  RHEAD= ", 1PEll.4e?* PONOZ= "4 1PElle%y* PHEAD= *,1PEll.4y/»13X,

2'PTAR= ¢, 1PELLl.4%y? MNQZ= *,1PE1l.4+"' SUMAB= ',1PELlLl.+4,?
3 V', LIPELLeay /sy 13X "PATM= ',1PELll.4¢? CFVAC= Y,lPEll.%4* FVAC=
41PELL.4," F= "41PEll.4%)

[F{IPQ.EQ.Q) RETURN

TPLITINPI=T :

PMNPLOT(INP Y =PONOZ

PRHPLOT(NP)=PHEAD

FPLIT{(NP }=F

FYPLOTINP)Y=FVAC

REPLOTINP ) =RNOZ

RHPLOTINP }=RHEAD

YBPLOT(NP}=Y§

ABPLOTINP)=5UMAB

SGPLUT(NP}=5G

VCPLGT{NP)=VC

RETURN

2 NP=NP+2

[0P=1

nad 1004 I=1.16

IFINUMPLT(I).EQs1) GO TO 1003

GU TO 1004

1003 GO TO (10,20, 30940,50,55,60, 70'75,30'90 95,97, 100'110'115)v1
10 CALL PLOTIT(TPLOT,*TIME (SECS)*,11+PHPLOT*PHFAOD (PSIA)" 412

1 "{ PNPLOT, "PONOZY 2SsNP Ly 'DUMMY? ,5)

~48-
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TABLE IV-2. (Cont'd)

GU TO 1G04

20 CALL PLOTIT{TPLOT,"TIME (SECS)*,11,PNPLOT,*PONOZ (PSIA)',12,PHPLOT
1y YPHEAD (PSIA Y t124NP 1Ly 'DUMMY S 5]
Gy TO 1004

30 CALL PLOTITITPLOT'TIME (SECSY'411,PHPLCT +*PHEAD® 45,PNPLOT
1: PPONGZ Y35y NP 34 "PRESSURE (PSIA)',15)
GU TO 1C04

40 CALL PLOTIT(TPLOT.'TIME {SECS)"31LlRHPLOT,'RHEAD (IN PER SEC)',18,
IPHPLOT, *PHEAD (PSIA}Y 124NP,1,'DUMMY?,5)
G0 TO 1004

50 CALL PLOTIT{TPLUT,"TIME (SECS)}*y1L,RNPLOT,*RNOZ (IN PER SECI'".17,
LENPLOT, "PONGZ (PSTA}"y12+NPyl ,*DUMMYY,5)
GO TO 1004

55 CALL PLOTIT(TPLOT+*TIME (SECS)}*y1l, RHPLUT,'RHEAD'.S,RNPLGT.
L 'RNUZY 4 4NPy 34 "BURNING RATE (IN PER SEC)',25)
GO TO 1C04 '

G0 CALL PLOTIT(TPLOT,*TIME (SECS)',11,ABPLOT,'TOTAL BURNING AREA (SQ
LINYY 3 26,PNPLOTy *PONCZ® 354 NPy 14 "DUMMY?,5])
GU TO 1CC4

TO CALL PLOTIT{TPLOTHL'TIME (5ECS1'¢11:SGPLDT.'STAR PERIMETER (IN)',19
Ly PNPLOT, *PUNDZ Y 454 NP 12 "DUMMY Y, 5) '
G0l TD 1CC4

75 CALL PLOTITUTPLOT,!'TIME (SECS)*"+11,ABPLOT,*TOTAL BURNING AREA (5Q
LINYYy 26¢SGPLUTy *STAR PERIMETER {IN)* 2194NP,2,'DUMMY?,5)
GO TO 1004

BG CALL PLAOTIT(TPLOT*TIME (SECS) 1411 ,FPLOT,*THRUST {LBS}' .12+ PNPLOT,
L'PONDZY 4 5,NPy Ly "DUMMY 1, 5)
GN TN 1604

Q0 CALL PLOTITHTPLOT,*TIME (SECS)',11,FVPLOT,,"VACUUM THRUST {LBS}',19
1, PNPLOT, "PONDZY v 54 NP, 1, 'DUMMY Y, 5)
GO T 1G04

9% CALL PLOTIT(TPLOT,*TIME (SECS}',1l1l, FPLOT,'THRUST',b FVPLOT,
1 'VACUUM THRUSTY , L3,NP+3 " THRUST (LBS)*,12}
GO TO 1G04

S7 CALL PLOTIT{TPLOT,*TIME {(SECS)*+11,VCPLOTs'CHAMBER VOLUME (IN*¥%3)}°*
L 9224 PNPLOTL'PUNUZY ¢S5 yNPyLg TDUMMY",5)
G TO 1004

100 CalL PLOTIT(YBPLOT, 'BURNED DISTANCE (IN)*,20,ABPLOT,*TOTAL BURNING
L AREA (S0 INY',26:PNPLOTy 'PONOZY 4SNP L4 'DUMMY! ,5)
GO TO 1G04

110 catl PLOTIT{YBPLOT,'BURNED DISTANCE {(IN)*.20,SGPLOT,*STAR PERIMETE
1R {INI Yy 1G9¢PNPLOTy "PONGZY ¢S5 ¢NP 1 o *DUMMY? ,5)
GO TO 1004

115 CALL PLOTIT(YBPLOT,*BURNED DISTANCE (IN)?*,20,ABPLOT,'TOTAL BURNING
1 AREA (SQ IN}'"426,SGPLOT,'STAR PERIMETER (IN)" 4 193NP,2,*DUMMY?,5)

1G04 CONTINUE

RETURN
END

b9~
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TABLE IV-2.

SUBRDUTINE IGNITN

(Cont'a)

R dp 2ok 35 R e e ot e ke o e e ol e e 0ot 00 90 ol e 4 e ool 0o e o o B o o el kot ke Xk R R ek Ak R R R R R K

*

SURRUUTINE IGNITN CALCULATES THE PRESSURE RISE DURING *
#* THE IGNITION PERIOGD *
% ASIG IS THE IGNITER THROAT AREA IN TN¥x2 *
% AIGTOT 1S THE TOTAL WEIGHY OF THE IGNITER IN LBS *
% MIGAV IS5 THE IGNITER AVERAGE MASS FLOW RATE IN SL/SEC *x
%* PCIG IS THE IGNITER PRESSURE IN LBS/IN%X2 *
e ook 2ok o e e ook o e o e e e o8 koK o AR 2K o X o e ok o o e o e ol s ol ool o e s o ok ol o o oo o o o e ek e ok

%*

COMMUON/CONSTL/ZWeAEWAT,THETA,ALFAN

COMMON/CUNST2/GAMMA +ME +BOT+ZETAF, TR yHB +GAM
CQMMUN/V&RiAl/YgTIG!DELY'DELTATvPONDZ!PHEAD,RNGZ¢RHEﬁDySUMAB'pHMAX
COMMON/VARTIAZ/ABPORT 4ABSLOTABNOZ APHEAD ,APNOZ 4DADY »ABP2,ABN2yABS2

COMMON/VARTAZ/ITOT ITVAC s JROCK,.ISP,

ISPVAC yMOIS +MNOZ 4 SGy SUMMT

COMMON/VARTIAD/ABMATINABTOy SUMDY,VCI »VC

COMMUONZIGN 1/ A KBy UFSyRHOsAs XN 4L 4PMIGTIL,TIZ2,C516
COMMUNZ IGN2/ALPHAWBETA »PBIGsRRIGDELTIG +X+TOPZAP
COMMON/PLOTT/NUMPLT(16), IPONDUM,LIPT,I0P

LIMENSTHON B8(9)

REAL K{4)sL KA KBy JROCKJ2 yMIGyMEGAV MSRMyME ¢ MDIS9yMNOZ ¢ MNDZ 1o MNL
DATA ALgAZ,A3,A4/.1T74T64y=2551481,1.205536,.171185/

DATA BULYBL234B(3)14BL4) 4815} /00 vs%s+455T3741.+.290978/

DATA H{€),B(T),B8(8)+B(9)/.15876+.2181+¢~3.050965+3.832864/

B ¥ ¥e %6 Fx X2 AR 0 A0 N o e Kk el e ok e ol ok e ok o ol o ol ol e i e o ol ol e o ol o0 ofe ol o ot ol e s e ok ol o e e s e e sl ol o0 3 AR R ok o ol e e ek
THE A'S AND B'S ARE CONSTANTS FOR THE RUNGE-KUTTA INTEGRATION #
e e e o S e sl o 2 o g Bl e ek 2 e sk X e ofe o o e e e sk ol ol ool e o 3l el o o o g o ke ol g o o o ol ot o ok o o e o o e e

DATA G/32.1725/
XXX=.05%PONOL
IPLUG=0

PONGZ I=PONGZ
RHEADI=RHEAD
KNUL T=RNOZ
PHEADL=PHEAD
DELTT=DELTAT
DISM=MDIS
DELTAT=DELTIG
SUMAB [=SUMABR
MNUZ T=MND2
MN(Z=0.0
RHEAD=U .0
RNDOI=0.0

M IS=G0. 0
ABI=0.0
TIGi=C.0
PCl=14.6%6
T1G=0.0
PCNEW=14.6%6
SUMAB=0.0

=50~
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TABLE IV-2. {Cont'd}

PCIG=14.69¢

PHELD=14.6G6

PONUZ=14.69¢

SLOPE=SUMABI/L

G2=0GAMMARGAMMA

J2=JROCK*JROCK

GCl=G2*Jj2/2.

MIGAV=.2%AT/G

ASIC=4 *MIGAVELSIG/{4a%PMIG-RRIG*{TI2-TIL})
WIGTOT=GH*MIGAVS(Sex(TI2-TIL}/6,.)

WP ITE(H+96S ) ASIGyWIGTYOT, MIGAV
FDRWAT(III.&OX.‘IGNITER SI1ZE CALCULATIGONSY+/¢13Xs?ASIG="4Fb.2s/
1 13X "WIGTOT=4FT742» Jel3X " MIGAV=? yFBe34///)
WRITE(G6410Q)

FORMAT( 23X 5 # 8 dkokadas oot e oo g ok ol 0 /9 33X, T%ex IGNITION TRA
INSITENT #kaok U, /4 33X, sdckdohioomkii sl kgridoky s gkl )
MMN=Q

CALL OUTPUT

WRITE(&,30) PCIG

FORMATL 13X, 'PCIG= ", 1PEll.4%)

CONTINUE

DO B N=1,4%

TF{NLEWJa1) PC=PCI

IFINLEQ.2) PL=PCI+B(2)%K(1)

IFINLEG.3) Po=PCLI+B{SIXK(LI+B(6)*KL{2)

[F(NJFQL4) PL=PCI+B{TI*K{LI+B{B8IHK(2)+B(9)%K{3)
TIG=TIGI+B{N)*DELTYIG
SUMAR=ABI+SLIPEXUESHFB(N)*DELTIG
[F{SUMABLGT.SUMABT Y SUMAB=SUMABI

PHEAD=PC

[F{MOISNED.0) PHEAD=PL*(1l.+GJ)

RHLAC=AXPHEAD *%XN

[F{TIG.LELTI1) PCIG=PMIGHTIG/TI1 .
IF{TIG.CT.TILANDLPCIGGTLPHEAD) PCIG=PMIG-RRIG*(TIG-TI1)
IF{PCIGLELPHEAD) PLCIG=PHEAD

MIG=0 .0

IF(PCIG.CToPHEAD AND TIG.LELTIZ2/24} MIG=PLIG®ASIG/CSIG
CSTR=KA+KR%PC

HDIS=pC*AT/CS TR

IF(PCLLELPGBIGJAND. IPLUG EQ.0Q) GO TQ 7

IPLUG=1]

MNOZ=MNOZ T

PNIZ=PLx{1l.-GJ)

PIT=MDIS=XSAPNOL

EN1=RKHEAD

AZ=ALPHAXZ [ T*% .8

XL=UFS*TIG

IF{XL «GT.L) XL=L

-51-
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CX=XL*% ,2¥EXP (BETA*RNL*RHO/21IT)
KNJZ=RN1-(RNL-A*PNUZ*®XN=A2/EX} /{1 +AZXBETARRHD/(ZIT®EX) )
IF(ABS{RN1=-RNOZ }.LE.0.002) GO TO 5
RN1=RNGZ

GO TU 4

MDIS=0.0

MNUZz()n Q

PN =P

RNIJZ=RHEAD

CUNTINUYE

MSRM=RHO%XSUMAB* (RNOZ+RHEAD} /2.
DENOM=(VCI/{L2.%CSTR#LSTR%G2) )% {1.-(2.%KB%*PC)}/CSTR)
DPDT={MIG+MSRM-MDIS)/DENOM

IF(DPDT oL T40.0.AND.PCLT220.0) DPDT=0,0
KINY=DELTIG*DPDT

CONT INUE
PINEW=PCI+AL®K{ 1) +A2%5K{2}+A3%K(3) +A4%K{4)
PHEAD=PCNEW

IF{MDIS.6GT0.0) PHEAD=PCNEWR{1l.+GJ}
PONOZ=PCNEW

XXY¥Y=ABS(PONCZ-PUNOZI)

IF{PCNEWL.LELL.001%PC . AND. SUMAB EQe SUMABT . AND.XXY.LESXXX) GO TO 13

ABI=SUMAS

TIGI=TIG

PCI=PCNEW

NNN=NNN+1 _
IF(NNN.GE.5) GO TO 18
GG TO 9 -
CONT INUE

CALL GUTPUT
WRITE{6+30) PCIG
DELTAT=DELTY
MOIS=DISM
SUMAB=SUMABT
PONOZ=PCNOZT.
RHEAD=RFEADI

RNUZ =RNGZ T
PHEAD=PLEALT
MNOZ=MNOZ T
IF(IPO.NE.2.AND.1P0, NE.3) GO TO 53
NDUM=1

CALL QUTPUT

NDUM=Q

CONT INUE

1PT=0

RE TURN

END

-52m
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TABLE IV-2. (Cont'd)

SUBRDUTINE PLOTITUXXHOR K XsY s YHDR yNY s Ty THOR ¢y NT 3 NPy NPLOT » DUMMY » ND)
25 0 038000 M A e oo ok ok Rz e e o o gk e 3 A 4 R e e o R o oo o i e e ot o e e o el e e ol o o e R T o O o ek R R R

SUBROUTINE PLOTIT PLOTS TWO DEPENDENT VARIABLES, Y AND ¥,
VERSUS AN INDEPENDENT VARIABLF, X
XHDR, YFDRy AND THDR ARE THE HEADINGS FOR THE X, Y, AND T
AXES, RESPECTIVELY
KXy NY, AND NT ARE THE NUMBER OF CHARACTERS IN THE X, Y,
T AXES HEADINGS, RESPECTIVELY {(MAX OF 32 IN EACH)
NP IS THF NUMBER OF POINTS TO BE PLOTTED PLUS 2
VALUES FOR NPLOT ARE
1L FUOR Y ONLY PLOTTED VEKSUS X
2 FOR Y AND T PLOTTED VERSUS X OM SAME AX
WITH INDIVIDUAL SCALES
3 FOR Y AND T PLOTTED VERSUS X ON SAME AX
WITH SAME SCALES
DUMMY IS THE HEADING FOR THE DOUBLE AXIS {(NPLOT=3]
NO 1S THE NUMBER 0OF CHARACTERS IN DUMMY

DIMENSTON XHDR(B) 3 YHDR(8)  THOR(B) yDUMMY(3) ¢ XINPI Y INPI + TINP)}
CALL GSIZE (12.0,11-0,1121)

NX ==K X

NH=NP-~1

NN=NP-2

IF{NPLOTLEQLL)Y GO TO 9

CALL SCALE{Ts&eriMyel)

CALL SCALE(X,8.+NNs1)

CALL SCALE(Ys &eyNiN,1)

LALL PLUT({EW25,2.09—3)

IF{NPLOTANEL3) CALL AXI1S{0csQaysYHDRGNY ¢%e v 1804 Y{NMI,YINP))
IF{NPLOTWFGua3) CALL AXIS{OueyOQesDUMMYIND y4e 1180y YINMIZY(NP))
CALL AXIS{Cuey Dep XHDR ¢NXyBa 3904 s X{NM) s X{NP))

IF(NPLCYEQ.LY GO TO 12

DO . 1L I=1yNN

TOli==-T11I
00 13 T=1.NM
Y{Ti==Y (1)

CALL LINE(Y X oMNNelylysl)

CALL PLOT(C.»Dee3) .
IFINPLOTEQ.LY GO TO 24
IFINPLOTLEGS2) CALL PLOT{Quar=e592)
IFANPLOT aE0e2) CALL AXIS{Cur=eS5e THDR W NT 4. 2180 +T{NFI»TINP})
CALL LINE(TeX¢NNyLele2)

NN 25 I=1.NN

T{LD)==-T(1)

DU 26 T=1sNN

Y{I)==¥(1])

IF(NPLOT.EQeLlY GO TQ 32

CALL SYMBOL(=4+4391a529.1+1+0.:01

-53-
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TABLE IV-2. {Cont'd)

CALL SYMBOLI-4.24.52y4192¢04,0)
CALL SYMBOL(-89434e65141y YHDR 4904 4NY)

CALL SYMBOL(-4.155+654.1+THDR ;90.+NT)
CALL PLOT(B4590uy~3)

RETURN

END

5l
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MIGAY |
ASIG
WIGTOT
. CALL
l OUTPUT
: SUBROUTINE
ASIG

WIGTOT
MIGAY

|

CALL
QUTPUT —
SUBROUTIRE

I

PCIG

CALL
PLOTIT
SUBROUTINE

MIG

MDIS
MSRM
LPDT

PHEAD
PONGZ

Figure IV-L. Flowchart for ignition subroutine.
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START

0

CALL GBIZE

NO

CALL SCALE

YES +

CALL BSCALE
CALL PLOT

YES

CALL AXIS

L VO
CALL AXIS

O

R

CALL AXIS
CALL LINE
CALL PLOT

SYMBOL

CALL PLOT
CALL AXIS

Figure IV-5, TFlowchart for plotting subroutine.




V. TEST CASES

In this section two test cases of the extended computer program are
presented. Complete input data for one test case and samples of the output
data for both cases demonstrating the extended capabilities of the program
are presented.

Test Case 1 ~ Modified SEM 1 -

The SEM represented in this case is the same as SEM 1 of the original
report (Reference 1, Figure V-1) except that the forward segment, a
truncated star grain, was replaced by a wagon wheel grain defined in the
table of input data (Table V-1, present report). Figure V-1 demonstrates
results of the ignition transients calculations for this SEM in the form of
the actual plot obtained from the CalComp 663 digital plotter and Table V-2
shows a sample of the associated numerical printout. Plotier ocutput of
additional results are given in Figures V-2 and V-3.

Test Case 2 ~ BSEM 2

The SEM represented in this case is identiecal with SEM 2 of the original
report (See Reference 1, Figure V-3 and Table V-4). However, to examine the
new program capabilities, the performance of SKM 2 was calculated in two
different ways: 1) with the head end of the grain considered conical({COP=0),
and 2) with the head end considered hemispherical, the more sccurate geometric
representation, (COP=3). The aft end in both cases was considered flat
because the propellant downstream of the aft slot is not represented by
equations but by tabular values. The results for the two cases are shown
on-Figure V-4 and compared with stztic test results. Tt is notable that the
two program results are significantly different. The hemispherical end
representation gives a somewhat higher pressure level throughout equilibrium
burning as would be expected from the nature of the gecmetrie representa-
tions. (In retrospect a higher value of THETCH should have been chosen for
the conical end approximation)

Although the hemispherical end approximation yields results that are
better than the conical end approximation for the first two-thirds of the
trace, results for the last third are the opposite. Additional investiga-
tion using the computer program indicate that the departures from test results
could possibly be the result of a generally high nozzle throat erosion rate

(RADER) during the particular test than that used for the program computa-
tion. : .
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TABLE V-1.

INPUT DATA FOR SRM 1 WITH WAGON-WHEEL IN PLACE OF

TRUNCATED STAR GRAIN SEGMENT.

P TIONS
(0= i
Twd= 1
ivid= 1
NOMOLT{Jd = Dy Qs e Gy Oy Oy 0y Oy

FRUFELLANT CHARACTERISTICS
RHO= 0.001690
A= 0.0712
N= 0.250
ALPHA=
BELTA= C.0
MU=  1.27008-C7 ‘
CSTAR= 5,.18&CE 03
FASIC MOTGR DIMENSIONS
L= 1243.
TAu= bU.47
DE=  1.48008 Q¢
Cil= 4.7C0Q0F 01
THeETA= 0.0
DELFAN=  3.03408-01
LTAP=  1.5000€ Q2
XT= S.0000F 00
0= 0.0
HASIC FERFGRMANCE CONSTANTS
DELTAY= (.250
xGut= 1CC0.CE
CPCUT=  500.00
LETAF= CL.9E0
Té= 13C.C
Ht= 15CCCa.
GAM= ]1.143
RAGER= C.0135 _
GRAIN CONFIGURATION
INPUT= 3 '
GrRAfN= 3
STAR= 3
WNT= G
ORCER= 1
CopP=

D.0

GC.P. GRAIN GECMETRY
EC= 15%4.540
t= 7.
TRETAG= (.G
LGEI=!1048.5C
LiEnl= C.C
THETCiN= C.T75C35
THETCH= 1.5707%
HASIS STAR GECMETRY
le
Lan.00
LU
TT47C
24500
Ua

NE=
LGS I=
ND =
s
FllL=

!‘.“"_"

-58.

Gy Oy Oy T Lo Oy O 9]
wWAGUN WHEEL GROMETRY

TAUWW= 13 .0l

Ll= 30.00

L2= 1.00

ALPHAL= 1.57080

ALPHAZ= 1.57T080

HW= 10.09
' IGNITION CCNSTANTS
5145.C
C.C1C
5CC0.0
C4SCC.L
16C0C.C
C.1CU
1.50
172C.C

KA=
Kg=
UF S=
CSiG=
PMIG=
Til=
Tiz=
RRIG=

- DELTIG= C.LC5

PBIG= 14.£9¢ ' '
INCRT WEIGHT INPUTS
1.5CC0E~03
3.0CCCE Q1
3.00CC0e~-C2
W LLLCE=C4

PIPK=
DTEMP=
SIGMAP=
S5IGMAS=
Nl=. 3.CCC0CE (€
N2z (.0
SYCNOM=
LLC=
PSIC=
DELC=
LCC=

1.500CGE C5
1.5550€ Q2
1,40008 0Q
2.83CCE~-01
NSEG= 5.COCCE 0Q
HON=  £.2CCCE Ol
SYNNCM= 1.GC00F C5
P515= l1.4(CCt 0C
PSTA= 2.000GE 00
Kl= 2.08CLg~01
K= 65.250Ce-0z
PSIINS= 2.C00Q0E QO
DELINS= 4.6200c~-C2z
KEH= 3.,0C00:-03
KeN=  1.2006E-02
DLINER= 2.3000E-02
TAuL= 6.%000E~02
WA= (.G

TABULAR VALUES
VCIT=0
Y ABPK

0.0 9,000

9.67 9,000

40.0 0
160.0 s}
ALL OTHER A's ARE 0.
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TABLE V-2. SAMPLE PRINTOUT OF IGNITION COMPUTATIONS FOR MODIFIED SRM 1.

IGNITER SI{E

ASIG= 52.95
WIGTDT= 4C4.E2z
MIGAV=  10.78%
TIME= .0

RNOZI= C.0

PTAR= 1,3201f OO
PATM= 1.469&E CI
PCIG= 1.4€9¢€E Gl
TIME= 0.025
RNOZ= 1.4143E-C1
PTAR= 1.3201& 0O
PATM=  1.4€G¢6E Ol
PCIG= 4.0000& CZ

CALCULATIONS

Y X E SRR E R E R R ES

#%%% [CNITICAN TRANSTENT #a%*
RS R IR R AR L AL SRS EA L AL R AL R

C.C
RHEAD= 0.0
MNOZ= Q.0
CFVvAC= 0.0
¥= C(.C
RHEAD= 1.45%5E-01
MNDZ= 5.2165E-01
CFvAC= 1.7775t 00

PONDZ=
SuMAg=
FVAC=

PONDZ=
SUMAB=
FvaCs=

o
el
o ]
m

Lo I I
[ I
QO M

1.7¢€1CE
4.3135E
5.2107E

01

01
04
C4a

PHEACD
SG

PHEAC
56

1.4€S¢€E
7.8331¢
0.0

1.9€¢2E
7.8331¢E
0.0

Cl
Cé

01
c2
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Figure V-1. Ignition transients for SRM 1 with wagon-wheel
in place of truncated star grain segment.
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Figure V-3. Burning surface area vs. distance burned for SRM 1 with
wagon-wheel in place of truncated star grain segment.



80,00

-
o
~—Q
x o0

=

o
@
ey |
o Test data, Ref. 9 I

" =)

w ——- Program, COP = O ' ¥
s ~—=~~ Program, COP = 3
=
w
"3
b
m =
oo

o

O .

o T ] ¥ T T ; 1 1

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00

TIME (SECS]
Figure V-h. Comparison of test results for SRM 2 with computer results

cbtained using variocus methods of representing head end
grain geometry.



VI. CONCLUDING REMARKS

The extended SEM design and analysis program presented in this report
considerably improves the capability of the program by permitting calcula-
tion of ignition transients and wagon-wheel type grain configurations. The
rlotting option offers an sid to the designer for rapid interpretation of
the results.

A number of changes in the program, notable among which are calecula-
tion of initial and final gaseous chamber volume and more accurate gecmetric
representation of the ends of circular-perforated grains should result in
somewhat more accurate SRM performance predictions. Additional refinements
are of course possible, but, as in the present case, the refinements will
add to the complexity of the input preparation and the computer operating
time. Before incorporating such changes, the degree of improvement in
prediction capability anticipated should be evaluated in light of the basie
objective of the present work of providing a simplified program and in light
of the epproximations inherent in the internal ballistics model used.
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